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FRONTISPIECE 
"I make no apologyfor bringing so common a disease btfore your notice, because I 
think it is doubly important that ive should be as nearly perfect as iniq be in those 
affections we ineel with offenest, 
and becaUNe the pain of laminitiv is of so excruciating a character and the sequela of 
NUch permanent injury to the animal, that if ive can kv discussion learn something 
the night will not bv atýj, meanN have been. yent in vain. 
M. Woods, Jun. (1889) 
ABSTRACT 
A multidisciplinary approach was adopted to completc a comprehensive materials 
characterisation of' tile sil-, jium me(liuln (. W) of' larninitic donkey hoof' wall. The structural 
organisation and material properties of' the SAf were evaluated, and tile relationship between 
these characteristics and tile radiographic anatomy of' tile larninitic floot Nvcre assessed. In 
addition, the structure-function relationships of' tile SM were explored and the potential effects 
upon hool*Nvall Function were investigated. 
New, unbiased quantitative methods flor the assessincrit ol'thc radiography anatomy of* the I'oot, 
tile structural organisation ofthe YAI, and the material properties ol'thc hoot'wall Nvere devised. 
In addition sophisticated computer modelling techniques were employed to assess tile gross 
anatornic, macro- and micromcchanics of' the hoof' wall, all(] investigate tile potential efTects of' 
tile larninitic condition. These methods were used to: - 
Assess tile radiographic anatomy oftlic larillilitic foot and to comparc tills with that of' 
the normal donkey. 
2. I)cfiilc the morphological and morphorrictric characteristics ofthe larninitic W. 
3. Evaluate resistance to deformation and energy absorption within tile hool'wall. 
4. Model hoof' wall dcl'orrilation and assess stress and strain distribution Within tile 11001' 
wall in response to static loading. 
The radiographic anatomy of' the normal donkey 1100t Was l'OUnd to be dillcrent from that 
rcP()rtcd I'()'- tile horse, in terms of' tile absolute values of' key radiographic pararrieters used to 
dcfiric the lateromedial radiograph. The anatomy ol'the larninitic loot also difTered fi-orn that of' 
the normal donkey Coot, and displayed a wide range of' anatomical variation, Dislocation of' 
distal phalanx (DP) was evident with the larninitic foot, however, tile nature and extent of' tile 
DI) dislocation varied between Individual. Statistically significant dill , crences (1)<0.05) were 
recorded in the radiographic anatomy between tile normal all(] larninitic I'Oot. Multivariate 
statistical analysis techniques indicated a two-lold categorlsation of'tlle larninitic donkey based 
upon tile anatomy of' tile foot, and in particular, tile nature of* tile of' the DII dislocation. 
Larninitic 61-01.11) 1 was charactcriscd by capsular rotation and/or IV dislocation, whereas (iroup 
2 was charactcriscd by plialangcal rotation. Statistically significant difTercriccs in tile 
radiographic anatomy of' the floot were recorded between larninitic sub-groups, and bct\veen 
these sub-groups and the normal donkey l'oot. 
The W ol'the larillnitic donkey lloof'wall was found to consist ol'three morphologically distinct 
zones across the dorso-palmar hool'wall depth (I IWD), based upon di 11'ercrices in the structural 
orgam I sation ofthe tubular and nitcrtubUlar horn. 
This zonation pattern divided the ý'YA4 into: 
ZI the outer rcgion ofthe SAI 
" Z2 the middle region oftheSAI 
" Z3 the inncr region ofthc SM 
The thi-ce-f'Old zonation pattern diffIcred from that previously reported for the horse in respect of 
tile relative dorso-palrnar depth of' the respective zones. Three morphologically distinct horn 
(LIbUIC typCS were observed within the SM of the laininitic donkey. 'Irregularities' in the 
structul'al Organisation of' the SAI were also observed. The morphological appearance of these 
sti-Lictui-al irregularities was described, and their zonal location recorded. 
The niorphoinetric characteristics of'zonal structure within the SM of the laminitic donkey hoof 
wall wcrc objectively assessed, in terins of linear and area, 'field' and 'feature' specific 
structural characteristics relevant to hoofwall function. Statistically significant differences were 
ITCORIC(I between Zones. Significant differences between laminitic sub-groups were evident in 
the niorphonictric characteristics of ZI- In particular, absolute area measurements of the horn 
tUbUIC. S \vcrc smaller in Lanunitic Group 1, and tile area fraction, relative proportion, of tubular 
horn was lower than in Group 2. 
The material properties oflaminitic hoof'horn were characterised. The resistance to deformation 
(niodulus of'clasticity -- I. 0 was assessed under test conditions of umaxial compression ((-), for 
both I'Lill I IWD and zonal material at maximal hydration levels. In addition, elastic strain energy 
absorption (Resilience) was recorded 11or the full FIWD. The donkey hoof wall displayed a 
dorso-palniar decrease in zonal Significant 'between sub-grOLIp' differences were recorded 
in nicdian ZI E(., with Oroup I lower than Group 2. 
Coniputcr modelling ofthe hoofwall, using the technique of Finite Element Analysis, indicated 
that tile structural and material property characteristics of the SM affected stress and strain 
distribution within the hoofwall, and that tile laminitic condition was associated with increased 
levcls of'sti-css acting upon the larninar interflacc. 
PCarSOIl pt-OdUCt 1110111CIlt Correlation, partial correlation, and linear regression analyses revealed 
Important assoc lat lolls between the radiographic anatomy of the laminitic foot, and the 
S1111CILINII organisation and material properties in ZI. 
The illatcrials chal-actcrisation presented in this thesis indicates that the laminitic condition may 
be associated with changes in structure and material properties that afflect the norinal process of 
1,01-CC transfer within file hoof' wall. Indccd predicted stress at the laminar interface may reach 
lCvClS that dircalcil the functional integrity of' the suspensory apparatus of the DP. These 
changes may have important consequences to the biornechanics of the foot, and directly 
coiitributc to the kimcness obscrvcd in the afflicted donkey. 
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1. INTRODUCTION 
1.1 GENERAL INTRODUCTION 
Degcricrative conditions ol'the Ioot are a major cause ot'larnericss within the donkey I)OPUlation 
in the UK (Crane 2001), and hence constitute an area of' particular management and well'arc 
concern (Whitehead el al. 1991). Despite this fact, little is known about tile impact of' these 
conditions upon the anatomical organisation of' the fbot or its I'Linctionality. Due to the stoical 
nature of' the donkey and the absence of* overt signs of' pain (Trawl'ord and Crane 1995, 
Mathcws et al. 1997), these conditions arc oftcri not detectcd until an advanced stage of- 
degenerative change (Trawflord 1999 - Pcrs Corn. ). 
The evolution of'the Carnily E'quidtie during theTertiary pcriod was marked by adaptive changes 
that enabled the eqUids to exploit the plains environment (MacFaddcn 1988, Hennot 1980, 
1992). These changes included the speciallsation ol'the appendicular skeleton and its associated 
musculature, especially within the distal limb and fbot (Ilildebrand 1987, MacFadden 1988, 
Bennot 1980,1992). Forcrilost amongst these anatornical adaptations were tile: - 
" Emergence of' a perissodactyl organisation within the floot, flollowing tile progrcssive 
reduction in the digit nurnbcr to a single digit or distal phalanx (MacFaddcn 1988) 
" Devc1opment ofan Linguligrade stance (Berinett 1992), in which tile entire bodyweight 
acts through the hool'capsule via the distal phalanx MP) 
Tllcsc adaptive, cursorial changes (see Figure 1.1) have afforded the family Equi(lac 
considerable biornechanical advantage 0 lildcbrand 1959,1987. Bennett 1992). These have, in 
part, enabled the equids to develop outstanding athletic qualities of stamina and speed, 
characterised by tile ability to stand for long periods, traverse long distances and accelerate 
rapidly ovcr short distances (Thonlason et al. 1992). All of' these have been central to the 
survival ofthe genus (Bolliger 1991 ). In this respect, Reilly et al. ( 1996) asserted that the equids 
represent a pinnacle ofevolutionary selection. 
Concurrent increases in height and bodyweight have, however, placed significant biornechanical 
derriands upon the 111USCUloskeletal system ofthe limb and the foot in particular (Leach 1990a). 
The foot represents the functional platfOrm for 'athletic' performance (Balch el al. 1991,1997). 
I lence it must possess the ability to accommodate and Ultimately resist the forces associated 
with static and dynamic loading (DOUglas 1994). Any loss of' functional capability within the 
fi)oI may directly result in gross anatomical lesions, secondary infection, and/or degenerative 
changes, leading to pain and ultimately lameness (6cycr and'Yagweker 1986). 
Bi-idges ( 1752), rccognised not only the importance of the foot to the well-being of the horse, 
but also the (Icbilitating consequences of disruption to its functional integrity, simply stated: 
"Nofoot no horse. " 
The donkey has adaptcd to thrive in arid environments, browsing upon sparse, low quality 
vegetation and travelling many miles each day often over abrasive surfaces, in search of food 
('Seeginillcr and Ohmart 1981, Groves 1986, Svendsen 1995). In this way, hoof growth and 
wcar are compensatory, and the biomcchanical forces acting on the foot are maintained in 
loplillial, balance. 
In contrast, domestication in Northern Europe places the donkey in a moist temperate 
environment, restricted to small paddocks, and with access to lush vegetation (Crane 2002a). 
This raiscs concerns as to whether the donkey is adaptive to the prevailing conditions of the 
leniperate grassland environment (Collins el til. 2002). These management conditions can result 
in dietary overload, increased bodyweight and overgrown feet. All of which are recognised as 
potential risk factors associated with degenerative conditions of the equid foot (Eley 1998, 
AI 1`6rd ct al. 2001 ). In fact there is a tendency for donkeys in this country to be more prone to 
problenis ol'the foot than in their native environment (Trawford 1997 - Pers. Com, Crane 2000, 
2002a), 
I "11111111t Is is one such degenerative condition ofthe floot, which can lead to acute and/or chronic 
lameness in tile affected animal. I lunt (1991) stated that of the wide array of equid diseases, 
larninitis was: 
among the most devastating and permanently crippling" 
The prevalence of larninitis in this country is in marked contrast with the low prevalence levels 
iii the donkey's native environment reported by Bolbol arid Salch (1987). Fowler (1995) and 
Reilly ( 1997) have interpreted this diff'ercrice in terms of a lack of evolutionary adaptation to the 
temperate environment. ('onvcrsely Crane (1998 - Pers Com., 2000,2002b) and Eley (1998) 
have suggcsted that tile high prevalence of' the condition may be related to the longevity of 
donkeys in the I JK which has lead to tile emergence of a significant geriatric population. Crane 
(2001,2002a, b) argued that larninitis may form part of a natural degenerative foot/hoof 
syndrome directly related to the ageing process. 
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Figure 1.1 The Perissodactyl orgyanisation of the unguligrade equid digit. (After Banks 
1993) 
Metacarpal 
Bone 
Proximal 
-'*--77! '---Phalanx. (PP) 
Extensor Process Middle 
of the Phalanx (MP) 
Distal Phalanx 
Distal Coronary 
Phalanx (DP) Band (CB) 
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Border (BB) 
This may be of' particular significance as it is widely accepted that laminitis Is a predisposing 
cause of'otlicr problems oftlic fbot (Weaver 197 1, Bradley et al. 1989) including haeniorrhage, 
sole ulcers (Nilsson 1903), hoofwall separation, and white line disease (Redden 1990). Hence 
the laminific condition represents a significant threat to the donkey population within temperate 
grassland environments. 
Despite the fact that the donkey aCCOLInts Im -36% of' the worldwide domestic cquine 
I)OIlLflation, with global numbers cstimatcd at 48 million (F. A. 0. Database - 2001 ), little 
information exists regarding the laminitic condition in this species (Mostal'a 1988, Walker ef (il. 
1995). As a COIlSe(ILICIlCe OI'tl1C paucity ofinformation relating to this species, Svcridsen ( 1995) 
stated that there has been a tendency to: 
66view the donAel, as a Ninall horse. " 
I fence diagnostic and therapeutic strategies have tended to be based LIJ)011 the assumption ol'an 
CqUme model. I lowever Collins et tit. (2002) stressed the Importance of' recognising that the 
donkey and horse are two distinct cquid species. Indeed milochondrial DNA analysis by George 
and Ryder ( 1986), Ishida et (it. ( 1995) and Xu el (it. ( 1996) suggest that evolutionary divergence 
occurred between these two equid species approximately 3-10 million years ago. 
Collins et tit. (2002) have highlighted anatomical dit'llcrences between tile two species 
throughout the distal limb, and hcnce questioned the validity of'applying, an equine niodel to the 
distal fimb of' the donkey without further research. Indeed French (2000) and Collins el tit. 
(2002) were ol'the opinion that tile donkey must be viewed as a unique equid. 
1.2 BIOMECHANICS OFTHE EOUID FOOT 
The blornechanical demands placed Upon tile equid floot are immense (Leach 1980). During 
locomotion, tile 1'()ot strikes tile ground with great t1orce and 1'requency. Quddus el al. (1978) 
reported ground reaction torccs (GRF) in tile horse of' -- 9000 Newton during gallop. That is 
equivalent to approximately twice the animal bodyweight. The GRF develops during a stance, 
when tile foot is Ill contact With tile grOLIIld, Of'--O. I sec (Ocary 1975), and occurs at a Crequency 
ol'up to 120 strides per minute (Lekeux and Art 1994). Therelore tile foot must be capable both 
of' withstanding and dissipating high velocity shock waves (Dyllre-Poulson et al. 1994), and 
facilitating the sillooth and painless cyclic transmission of' forces between the ground and the 
axial skeleton (l. cach 1980, Bertram and (iosline 1986). This must be achieved without darnage 
to the sensitive structures of' the foot (l. each 1980). Indeed, Pollitt (1990b) stated that in 
achieving this, cvolution has produccd in the cqUid floot: 
46 a miracle of bioengineering. 
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I lowcvcr (lespite the biomechanical importance of the equid foot our knowledge of the way in 
NOicli it achieves these objectives is limited, as indeed is our understanding of those factors that 
directly at'I'ect its fincr functioning (Bragulla et al. 1992, Reilly 1995, Reilly et al. 1996). 
1.2.1 HOOF FUNCTION -AN OVERVIEW 
Tlie inipoi-tance of' the fully flunctioning hoof capsule to the well being of the equid has long 
bccil i-ccognised. Indeed Xenophon in -300 BC stated: 
"Just as a house would be goodfor nothing If it were very handsome above but lacked the 
proper finindations, so too a horse if he had badjeet (vic- hooves): for he could not use one of 
hisfinepoints. " 
Tlic anatomical organisation of the unguligrade foot is such that the hoof capsule must: - 
" Support tile axial skeleton (Budras et al. 1989) 
" Provide locomotive traction (Hickman and Humphrey 1987) 
" Withstand high velocity ground impacts (Thomason et al. 1992) 
" TransIler loading forces and absorb energy (Leach 1980) 
" Rcsist excessive wear (Rcilly 1995) 
" Possibly allow controlled cracking (Reilly el al. 1996,1998) 
" Regenerate itself, so that wear is compensated by hoof horn formation (Hahn et al. 
1986) 
" Protect against infectious agents (Budras et al. 1998a) 
" Prevent excessive moisture loss (Emery ef al. 1987) 
Assist in venOLIs blood return (Pollitt 1995) 
Contribute to the thcrmorcgulatlon of the foot (Pollitt 1992) 
Commenting upon these issues, Reilly (1995) stated that all equids are therefore totally reliant 
upon tile hoofcapSUle for ef'fective locomotion. 
1.2.2 IIOOF QUALITY 
There has been a tendency within the scientific literature to assess the hoof in terms of 'horn 
quality' (Vcrniunt and GrcerIOUgh 1995). Dietz and Prietz (1981) stated that 'claw quality' was 
detcrinined by the 'degree of'resistance' to imposed mechanical demands, with 'deficiencies' in 
the hool'being indicative of' 'poor quality' hoof horn. 
The implication of' this is that 'horn quality' is not a finite property, and that variation exists. 
61-CCIIOLIgh (1982,1985), Reilly and Kcmpson (1992), and Bragulla et al. (1992) stated that 
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'horn quality' was influenced by gcnetic, nutritional, and management Cactors, and also by 
disease status. 
Although various rel'crenccs to hoof' 'quality' are to be 110und within the scientific lItCratUrc, it 
has not been defincd precisely in objective terms. Hence its use is both arbitrary and highly 
subjective, and also lacks the rcquired scientific basis of' definition, and means of' 
charactcrisation. 
Politick el al. ( 1986) recognised the need to determine a scientif ic basis for the characterisation 
of' 'claw quality', and consequently defined high 'claw quality' as that which displaved a 'low 
SIIS(, (7)tihi1iIY to chm, (Iisor(lers'. Although this definition did not Fully rcsol%, c this issue it did 
ho\vcvcr, draw attention to the significance of' structure-ILinction interactions. Reilly and 
Kcrnpson (1992) were the first to attempt to define quality in terms of' structurc-t , unction 
relationships, stating that: 
"Good quali(y horn kv that which allotvs properfistictioit to befulfille(I. 
Whereas, poor qtiality hoof horn is that which does notfulfil its fimaim and leads to 
str"clural atulfimetiotial K, eakness. " 
These authors argued that it was essential to identil'y those measurable and repeatable hoot'llorn 
characteristics that represent normality, and establish how these were related to hoof' horn 
quality, in terms ol'objectivc measures ofthe hoof's functional capabilities. 
11), achieving this, Reilly and Kcnipson (1992) stated that subjective term '(]LlllitV' Could be 
replaced by an objective means of' hoof' horn assessment based upon precisely defined and 
measurable hoot' horn characteristics. However establishing such measures poses a particular 
intellectual challenge. 
1.2.3 STRUCTURE-FUNCTION INTERACTIONS 
Vogel and Wainwright (1969) highlighted the importance ot'structurc to i'unction in biological 
matcrials and argued that an intimate and intrinsic inter-relationship exists. In this regard they 
stated that: 
"Structure withotitfimetion is a corpse, andfimetion without str"clure is u ghost. 
The implication ol'this statcrncnt is fiar reaching. 11 implies that the integrated ftinctioning ol'an 
organ is inextricably linked to its structural organisation. Thus the means by which lunctionality 
I. s achieved can only be realistically assessed with a thorough knowledge of' structural 
orgam . sation. In addition, changes in structural orgarusation will alTcct the I'Linctionality of' an 
organ. 
Hence a detailed invcstigation of' structurc-function intcr-rclationships will afford a valuable 
insight into the design hierarchy of'thc hooJ*1 and thereby provide a better understanding of'hool' 
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function. This will in turn fonn a basis of Linderstanding from which the impact of pathological 
change can be assessed. 
1.3 'I'l IE ANATOMY OF THE EOUID FOOT 
1.3.1 NOMENCLATURE 
'I'lic anatornical nomenclature, presented in italics throughout this review, follows the 
conmition advocated by Nomina Anatomica Veterinaria (Anon 1994). 
1.3.2 OVERVIEW 
The equine Coot (See Figure 1.2) is a highly evolved locomotor organ (Bolliger 1991, Reilly et 
al. 1996). It has a complex three-dimensional structure and consists of a 'horny capsule' 
(ungula), which encases bones, joints, ligaments, tendons, bursae, nerves, blood vessels, and 
connective and Catty tissues (Schummer et al. 1981, Dyce et al. 1987). The integument or outer 
layer ol'thc Foot displays the same basic three-fold anatomical structure as common integument 
(Inlegunientuln connnune) seen elsewhere in the body (Schummer et al. 1981). 
ThIS C011SIStS 01' tile SLibcutis, the dermis and the epidermis (Trautmann and Fiebiger 1957, 
Schuninier cl al. 1981). The hoof capsule itself is a highly modified structure of epiden-nal 
origin (Dellman 197 l, '1'alLikar ei al. 1972, Budras ei al. 1995). 
1.3.3 THE SUBCUTIS 
The subcutis of' the Coot is of' variable thickness. It is expansive at the height of the coronary 
hand (CB) and deep to the frog, where it forms the perioplic and coronary cushion, and the 
digital cushion, respectively. These cushions adjoin the periosteurn of the distal phalanx (DP) or 
pedal bone (Trautmann and Fiebiger 1957, Budras et al. 1995). In certain parts of the equid foot 
however, the SUbcutis is very thin or absent. 
1.3.4 THE CORIA OF THE FOOT AND THE TOPOGRAPHICAL 
MODI FICATION OF THE DERMIS 
The dermis of' tile Iloot is a highly vascular and innervated tissue composed of collagenous 
material rich in elastic fibrcs. It forms a continuation of the common dermis of the skin (Dyce el 
al. 1987). Although the dermis ofthe foot forms a continuous structural unit, it can be 
divided 
topographically into 6 regions, namely tile perioplic, coronary, larninar or parietal, bulbar, solear 
and Crog coria (Trautrnann and Ficbigcr 1957, Schurnmer el al. 1981). 
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Figure 1.2 Sagittal section of the equid foot to show the anatomical relationship between 
the osseous and exosseous structures of the foot (Modified after Gever 1980, Bolliger 
1991). 
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sole I lorn Frog I lorn IfornTubules 
It is the topographical division ol'thc Licrims that tile German anatomists, HICILicling Budras cI (it. 
1995,1 998a), Budras arid Patan (2003), Paton and Budras (2003), and 111'agUlla (2003) ref'er to 
as Ilic 'scgmcnt-spccfflc' nature of' the dermis of' the 1`6ot. Where prcsciit, the underlying 
subcutis merges into tile dermal layer. F'Isewlicrc, tile dermis directly overlies tile penosteuril of' 
the DII (Dycc el id. 1987, Budras c/ al. 1995). 
The dermis of' the floot is highly modified (DYCC CI (1/. 1987). Two distinct morphological 
modifications occur, namely papillar and lamellar fimiis (Trautmann and Fiebiger 1957, Pollitt 
1992,1995). 
In the case of*the f'oriner, the rete pegs, characteristic of'thick skiii, are clongated to f'orm 'finger 
like* dermal papillac to Form a Stratum InyWhire. Thew dermal papillae extend distally alld 
vary both in size and shape (SCIILIIIIlllcr ct (it. 198 1, Pollitt 1992). The dermal papillae fit into 
openings (papillary sockets) in the subiacent epidermal structure. 
In the lanicilar florm, the dermis is orgarilsed into a parallel array of"Icai'like' lamella planes. to 
I'ornl a Stnitum himin(w. Thc dermal larricilac 1111crdigitatc with subj . accrit epidermal structure 
(Dycc ct (it. 1987) to 11orm tile Sinitum lumethawn. 
1.3.4.1 TIIE PERIOPIACCORIUM 
The pcrioplic corium (Dermis linthi) forms a narrow band at tile junction between the skin an(] 
hool', at the height ol'the coronct (ScIlUmnicr vi ul. 198 1 ). This expands caudally to merge with 
the bulbar corium of' the licel (Sack and I label 1967). I, Ilc dcrims of' tile perioplic coriuni 
displays a papillal'orm morphology (Schumnicr el al. 1981 ). 
1.3.4.2 THE CORONARY CORIUM 
The papillal'orm coronary corlum Wei-mis commie) is located inimcdialcly distad to the 
perioplic conum. It extends distally and merges with the larrifflar coi-11,1111 (DYCC Cl UL 1987). The 
size and shape of the dermal papilla vary within the coronary conum (Schummer ct tit. 198 1 ). 
The proximo-distal papilla length ranges between 2-6nim. (Tra Lit man n and I-'Icbigcr 1957), with 
the papilla becoming progressively more slendcr and shorter at the border with the lammar 
corium (Schurrimer ct tit. 198 1 
1.3.4.3 TIIE LANIINAR CORRINI 
'I'lic lanifflar (parictal) conum (Laint'llac, dermalis parielis) iS COlltIlILIOLIS, proximally, with the 
coronary cornim, and distally, with the solcar corlum (SChUmmer vt al, 1981). 'I'lle la, 11mar 
corium can be divided morphologically illto a (iccl), Stratum rcticulare and a periplicral, Stratum 
laminae. 
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Thc Stratum rcticulare has been referred to as sub-lamellar connective tissue by Pollitt and 
Daradka (1998), and the submural dermis by Hood (1999a). The Stratum reticulare is a highly 
VaSCUlar connective tissue, comprising an extracellular matrix of collagen and elastin (Pellmann 
1995, Westerl'cid 2003). 
'['he Stratum laminae is characterised by the presence of dermal lamellae which are arranged in 
a proxinio-distal direction, from the proximal junction with the coronary corium to the distal 
. 
junction with the solear corium. There are approximately 600 primary lamellae present in the 
horse's I*Oot, (Leach 1980, Dyce et al. 1987). Each primary lamella is invaginated in a proximo- 
distal direction to form -100-200 secondary lamellae. The secondary lamellae arise distad to the 
proximal limit of the primary lamella (Leach 1980, Budras et al. 1989). This complex 
modification ol' the laminar corium serves to significantly increase the surface area of the 
dcrino-epidernial (larninar) Interface. 
1'roxiiiially, at their boundary with the coronary corium, the primary lamellae appear as shallow 
I'IdgCS (SChUrnmer el al. 1981). These lamellae increase rapidly in height in the proximal third 
ofthe corium attaining a height of - 4mm. (Budras et al. 1989). Distally, accessory (Budras et 
al. 1985) or cap (Ilirschbcrg et al. 2001) papillae (Papillae dermalis galeares) arise from the 
apical crest ol'the primary laminae (Dirks 1985). The distal margin of each primary lamella is 
also marked by the presence of terminal papillae (Papillae termalis parietis) (Trautmann and 
Flebiger 1957, Pollitt 1992,1995). 
1.3.4.4 '['HE CORIA OFTHE SOLE, FROG AND BULBS OF THE HEELS 
Fhe respective coria of the sole (Det-miy soleae), the frog (Dermis cunei), and the bulbs of the 
licel (Perniis lori) each exhibit papillaform modification of the den-nis (Trautmann and Fiebiger 
11)57, Schuninier ei al. 1981 ). 
1.3.15 TIIE BASEMENT MEMBRANE 
The dcrrnis is separated from the overlying epidermis by the basal membrane (BM) or basal 
lamina (Pollitt 1994). This anatomical structure forms the dermo-epidermal junction within the 
integument (Alberts et al, 1994). A dense matrix of fibres connects the basal membrane to the 
pcriosteurn of' the DP, thereby forming a cohesive bond that attaches the integument to the 
zip1midicuLir skeleton (Pcilmann 1995, Pellniann et al. 1997). 
1.3.6 THE EPIDERMIS 
A single layer of' epidermal basal cells or keratinocytes, that is, the Stratum basale or Stratum 
gi'l-minalivitin covers the basal membrane (Stump 1996,1967, Leach 1980). These cells are 
'mcliored to the basal membrane by means of hemidesmosomal attachments (Budras et A 1989, 
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Pollitt 1992). Thcse basal cells are in tL11-11, hnkcd to cach othcr by (Icsmosomes, to form a 
cohesive germinativc ccll laycr (Leach 1980). 111 tills Way thC Val-IOLIS allatOMICal Stl-LlCtUrcs of' 
the loot arc unitcd into a single Cunctlonal entity via the bascilicnt mcn1hranc. This association 
which Pollitt (1992,1994) rel'errcd to as tllc hool'/ pcdal boric Cvic distal plialanx -- IT) bond, 
l'orms the Suspcnsory Apparatus of' the Distal Phalanx (Midler 1936, Ilellmarm 1995) and is 
discusscd in dctail in Section 1.6. 
1.3.7 HOOF HORN FORMATION 
Cell division within this basal layer results in proliferative hool' horn formation or, growth 
(StLI1111) 1996,1967). The Subsequent proccsscs associated with tile terminal differcritiatioll of 
the keratinocyte reSUItS in the production of a fully keratinized, mature hoof horn ccll or 
corneocytc (Bragulla et al. 1992). It is this process of cornification that ultimately gives rise to 
the l'Ormation ol'the hool'capsule. 
The d1flerentlation, maturation and eventual atresia of' tile keratinocyte are associated with a 
complex series of' biochemical processes, In which a sequential expression of' structural and 
niatrix molecules occurs within the cell (Leach 1980, GroscilbaUgh and I food 1992, Bragulla el 
al. 1992). These events lead to a progressive changes in the morphological appearance of' tile 
kcratinocytc and in tile nature of' the in(ci-cellular attachments (MOlling 1993, Mfilling ef al. 
I 994a, l), c). 
These processes are thought to directly influence cellular strength and rigidity, and the level of' 
intcrccllular cohesion, and hence contribute to tile mechanical properties of' the epidermis 
(MOlling cl al. 19941)). 
Bowden el al. ( 1987) and Sutcr el al. ( 1997) have extcnsIvcly reviewed these proccsscs withill 
tile marrimallan epidermis. Whereas tile pioneering work of' Larsson el al. (1956), Ekl'alck 
(199I)and Wattle (1998,2000,2001) have specifically investigated the biochemistry associated 
with cquid hool'horn flormation in both the normal, and tile larrullitic states. 
The cornification processes can be suniniansed as: - 
Synthesis and assembly of' intraccliular keratin protcins to form a cytoskelctal structurc 
ol'Intermediate Filanicnts - Ilic proccss ol'Keratinization 
Syntlicsis and exocytosis ofmcnibrane coating gl', IllLiles (MC(i) 
Formation ofintercellular cement (1('(') 
* Formation ofthe cell envelope 
It is important to note that cornification and keratinization are not synonymous terms. 
Keratinization rellers only to those metabolic process 'nvolvcd In the f6rmatlon arid asserribly of 
the cytoskcietoil. Conversely, the proccss of cornification i-cfers to all process involved in the 
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formation of' the corneocyte. Thus keratinization represents one component of the comification 
process. 
At the cellular level, the comification processes result in the formation of several 
morphologically distinct layers or strata (see Figure 1.3). 
Basal cells mitosis gives rise to a population of undifferentiated daughter cells within the 
inimcdiate suprabasal layers of the epidermis. As these cells undergo terminal differentiation, 
they are progressively removed from the suprabasal layer by ongoing cellular proliferation 
within the straturn basalc (1, cach 1980). This results in the formation of a zone of comification 
(Larsson el al. 1956) or keratagenous zone (Ekfalck 1991). Cells at different levels within this 
zone are at diffcrent stages ofcellular maturation and appear as morphologically distinct layers 
or strata (l. cach 1980). 
In those regions ofthe lioot'cliaracterised by the presence of 'hard' horn three such layers occur. 
These arc: - 
0 'FlieStrwitin basale and its immediate suprabasal layer of daughter cells 
The Strallint spillosilin 
The Stratum corneuni 
I lowever in those region of the hoof where 'soft liorn' is generated, for example, the periople, 
an additional layer is present, namely the Stratinn granulosum. This layer Is found between that 
o ft lie Siratianspinositin and theSiralum cornewn (Leach 1980). 
In the manner described above, the events associated with the cornification processes combine 
10 IM-OdUce a highly kcratimsed and cohesive cellular solid. The cornification process serves 
both to strengthen the individLial keratinocyte and establish a cohesive functional hoof unit with 
structural integrity (Bolligcr 1991 ). Indeed, Galvin et al. (1989) and Fuchs (1993) stated that the 
protcctive I'Linction ofthe epidermis is generally dependent upon the cellular arrangement within 
the epidermis, and the cytoskcietal network present with the horn cells. 
The mahire lioofhorn cell or corneocyte representing the material basis of the 
hoof capsule. 
Tlic hool'I in common with all epidermal structures, is dependent upon the underlying 
dermis to 
stipport hoofhorn formation (Leach 1980). The metabolic processes associated with 
hoof horn 
l'orniation arc supported by diffusion from the vascular dermal tissues across the 
basal 
membrane (I. cach 1980, Bolliger 1991, Bragulla et al. 1992). The modification of the 
dermis 
increases the sLirfacc area available for diffusion (Pollitt 1992). Indeed the 
dermal tissues of the 
10ot are highly vascular with extensions of the capillary network reaching deep into 
both the 
papillae and lamellac (Mishra and Leach 1983a, b, Pollitt and Molyneux 
1990, Hirschberg el al. 
2001 ). This anatomical organisation significantly reduces the 
diffusion distance to the 
metabolicallyactive epidermal layers (Bragulla ef al. 1992, Budras el al. 1998a). 
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Figure 1.3 Diagrammatic representation ofthe process of hoof horn formation. (Modified 
after Reilly 2001). 
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The Bm is also thought 10 play .1 Critical rolc in horn f'ormation. Rcccilt work has suggcsted that 
the BM is vital for mccliating controllcd and co-ordinated cpIdermal growth (Pollitt 2002- 11crs 
Com. ). In addition, the 13M form the spatial tcniplatc by which flic structural orgailisation oftlic 
epidermis is maintained (Pollitt 1994) 
1.4 THE STRUCTURAL ORGANISATION OF 1100FIIORN MATERIAL 
The modification of' tile dermis into papillar and larriellar lorms gives a distinct Structural 
organisation to the hool' horn material within the capsule (FIcriling 1871, Mcttani 1896, 
Trautmann and Feibiger 1957, ScIlLininicr ct al. 1981). The intimate relationship that exists 
between the modification of' the Licriiiis, and its associated vascular supply, and also, tile 
Structural organisation of' the llool' horn material which they support are illustrated in Figures 
1.4,1.5,1.6 and 1.7. 
1.4.1 PAPILLAFORM MODIFICATION OFTHE DERMIS 
Papillat'Orril modification of' the derims gives rise to the formation of' tubular and intertUbUlar 
horn Fractions (Chauveau 1853, Brullilke 193 1, Nickel 1938a, b, 1939, TraUtmarin and Feibiger 
1957). Fach horn tubule consists of' a central marrow or medullary cavity surrounded by a 
CCHLIlar cortex, and the individual horn tubules are separatcd by intcrtubular horn (Tautrilarill 
and Ficbigcr 1957, Banks 1993, Schummer at al 198 1 ). 
I loot'llorn 11orrilation 1rom tile basal epidermal cells overlying the dermal papillae produces tile 
individual horil tubules, WhIlSt that fi-oril tile basal cells within tile interpapillary regions gives 
rise to the intertubular horn fi-action (Chauveau 1853, Fleming 1871, Nickel 1938a, b, 1939, 
Banks 1993) -- see Figurc 1.4. Horn Formation from tile basal cells overlying tile apical 
papillary t1l) (tile SUprapapillary region) produces tile tubule marrow, whereas tile tubule cortex 
I,, gencratcd by horil formation Crom the walls ol'tllc papillac (tile pcripapillary region). These 
two horn components combine with the intertubular horn fraction, distad to tile apical tip of' tile 
papillac, to f'orril tile structural organisation oftubular and intertubular horn. 
As the hool' horn material is moved progressively distad to the Sti-witin pupilhwe, diffusion 
deficicricies occurring III tile SUprapapillary region may adversely afTect the corilification ol'thc 
marrow horn cells (Budras et cil. 1998a). The resultant loss of' cellular cohesion within tile 
marrow can lead to cell shrinkage and degradation, with the formation of' a central void or 
Medullary cavity, within tile horn tubule (Trautmann and Ficbigcr 1957, (; cyer and Leu 1984, 
Budras et al. 1998a). 
1.4.2 LAMELLAFORM MODIFICATION OF THE DERMIS 
I lorn formation from the basal epidermal cells overlying different topographical regions of the 
LICI-111', Il lamellae give rise to three distinct hoof hom components (Budras et al. 1989, Reilly et 
ol. 1998b) -- see Figure 1.5. These are: - 
0 The Laminar I lorn ofthe epidermal lamellae (LH) 
* The Cap I lorn of the epidermal lamellae (CH) 
0 'I'lleTerminal I lorn - interlaminar or interdigitating hom of the epiden-nal lamellae (TH) 
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1.5 TIIE DESIGN COMPLEXITY OFTIIE EQUID If-()01, '('Al'StJIIE 
1.5.1 OVERVIEW 
The hool'capsulc displays a complcx 3-diniciisional geometric form Iliat lias a distinct Sti-LICtUral 
organisation of' hoof* horn niatcrial. The llool' capsule can be divided topographically into flic 
wall, 1rog, solc and whitc liI1C (StLI1111) 1967). 
1.5.2 THE 11001" WALL 
The hoof wall is the part of the hoOt' Cal)SLIIC 111111 is visible in the standing cquid (Pollitt and 
Molyneux 1990). The coronary band (('11) marks the l)I-OXIII1Ul'jUIICIiOII I)OWCC11 tile bCtWCCII the 
hoof wall and the skin, whilst the distal bearing border or Margo solcai-is pul-iois (1111) marks 
the hoot'ground interface. 
The hoof wall itself' can be divided topographically Hito three regions: tile toe, quarters (both 
lateral and medial) and tile hecls (BrUlinke 193 1 ). The wall is thickest at tile toe and thins 
caudally towards tile heel ('I I scherne 1910). 
Within tile wall, a structural hierarchy (see Figure 1.8) is evident at the macroscopic, 
microscopic and ultrastuctural level (RcIlly et al. 1996). At tile macroscopic level, the wall is 
composed oftlircc layers (Trautinann and Fcirbigcr 1957). These arc tile: - 
" Stralum exfo*num - PenopIc and So-fifum Iectorium (SE) 
" Sinifum medium (SM) 
0 Str(IIII/11 into-num (SI) 
1.5.2.1 'I'll E STRA RIM EX7T-'RNI1Af 
The S11. (1111111 (1XICIIII I till (SE') 1`61-111', the OLIter layer of' the wall, extending distally Irorn thc 
coronary band (CII) (Nickel 193Xb, Leach 1980, Budras ef al. 1995). This horn component is 
SLIpported by the perioplic corium. At the microscopic level the pcriople is cornposcd Ol'tUbUlar 
and intertubular horn (Klemola 1933). These tubules run in a dislal direction 1rom the ('11 
towards the 1311 (Trautmann and Fiebiger 1957). 1 lowevcr the periople is progressively sloughed 
of*l* From the wall to leave a thin layer of' flat cells, the Sti-alum fectorium (Trautmarin and 
Fcibigcr 1957, Schurnmer et al. 1981, Dyce et al, 1987). The SE is important because it is 
considered to play a vital role in controlling hydration levels within the capsule (Leach 1980, 
Schurnincr el eil. 1981) and in affording protection to the coronary coria (Schurnmer et al. 
1981). 
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1.5.2.2 TilESTRATUMMEDIUM 
'['he SM constitutcs the bulk of the hoof wall and is produced by horn production supported by 
the cot-onary corIUM. It extends from the CB to the BB and, like the SE, it is composed of 
WbUkir horn and intertubular horn (Schummer et al. 1981). The horn tubules are also arranged 
in a parallel array and extend distally from the CB (Bertram and Gosline 1987). 
1.5.2.3 'I'll E STRATUM INTERNUM 
'I'lic Stratum infernum (SI) is the inner layer of the hoof wall and forms form a continuous 
StRICtUral unit with the SM of the hoof wall (Budras et al. 1989). The SI is composed of 
epidermal larnellae, consisting of 1-1-1 and CH components (see Section 1.4.2). The epidermal 
lanicliae interdigitate with their dermal counterparts to form a complex dermo-epidermal 
anatomical association (Leach 1980) that Trautmann and Feibiger (1957) referred to as, the 
Sivaluin lainellaluln (see Figure 1.7). 
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1.5.3 'I'll E FROC 
Tlic fi-og (Epidermis (. 1111ci) is a wc(Igc-shaped structurc conlposcd Ol'tUbUlat- and intcrtubular 
horn situatcd oil the solcar aspect of' thC 11001' Caj)SLIIC (Tratitmann and Fcibigcr 1957). Thc 
palmar aspcct ol'the frog merges into tllc bulbou. s, liccis (Dyce ct til. 1987). The apex ot'llic Frog 
is visibIc oil the solar surface ol'thc Ilool'. Thc frog is scparatcd 1'rom the solc by collateral sulci. 
The cciltrc axis ol'the 1rog is markcd by the ccntral sulcus. 
1.5.4 TIIF SOLF 
The sole (P., pidermis is a concave Stl-LICtLIl-C OCCLII)Yillg the space I)ctN,, ccii the 1'rog and the 
1111 ol'thc Iloof'wall. The sole is similarly composcd Ol'tUbular and tUbUlar horn. The tubuics of' 
the sole are arranged in parallel alignment with thosc oftlic hoofwall (Bolligcr 1991 ). The sole 
is separated from the hoofwall by thc white line. 
1.5.5 TIIE WHITE LINE 
The while line (Zomi alba) flornis the JUIldion between tile sole and the hoot' wall. It extends 
from the distal margin oftlic dermal lamellae to the BB (Bolliger 1991, Warzecha 1993). The 
whitc linc is Cormcd by horn production supported by tile lanifilar corium. It displays a 
laniellatcd structural organisation that incorporates the S1 ol' tile hoot' wall, distad to tile distal 
margin of the dermal lamcllac, and unites this to the sole. It is believed that that the white line 
allows independent movement of' wall and sole during loading and thus prevents catastrophic 
I'allure ol'thc hool'capsulc (Rcilly 1997), 
1.5.6 SUMMARY 
An intimate relationship exists between the derinal and epidermal tissues ofthe foot. The nature 
ol-the hoot'horn material is determined by the cornification and keratinisation processes that the 
dermis supports, and the BM mediates. In addition, the structural organisation ofthis hoof horn 
material is dictated by the nature ofthe dermal modification within the respective topographical 
coria ofthe floot. This is sunimarised in Table 1.1. 
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Table 1.1 Summary table of the topographical modification of the dermis of the equid foot, 
the keratinisation process that the dermis supports, and the resultant structural 
organisation of the epidermis. 
Coria Dermal 
Modification 
Keratinisation 
process 
Epidermal 
Structural Organisation 
Perioplic Papillafonn Soft Keratinisation Tubular and Intertubular Horn 
Coronary Papillafortn Hard Keratinisation Tubular and Intertubular Horn 
Lantinar Larnella- and 
Papillaform 
Hard Keratinisation Larnellar, Tubular and 
Intertubular Hom 
Solear Papillaform Hard Keratinisation Tubular and Intertubular Hom 
Frog Papillafortn Hard Keratinisation Tubular and Intertubular Hom 
Bulbs of 11cel Papillafonn Soft Keratinisation Tubular and Intertubular Hom 
Fiiially, the geometric form, or shape of the hoof capsule is governed by the spatial disposition 
ol* the respective coria within the foot. In this way the design complexity of the hoof capsule is 
dcrivcd. 
I lencc the convention adopted in this thesis is that the hoof hom cells forms the material basis 
of'tlic hoofcapsuic. The arrangement of this material within the respective capsular components 
constitutes its structural organisation. Finally, the spatial disposition of the capsular components 
collectively represents the geometric form or shape of the hoof capsule. 
I lowever to gain an insight into the design hierarchy of the hoof there is a need to appraise the 
bionlechanical Iorces associated with its function. This is because the structural organisation 
mdeilt withm the hoof is likely to be deten-nined by the external and internal forces that act 
UpOn the 11001'. Similarly the precise response of the hoof capsule to these forces will itself be 
governed by hierarchical nature of its design. 
1.6 THE SUSPENSORY APPARATUS OF THE DISTAL PHALANX 
The distal limb of the equid is totally suspended within the laminar region of the hoof capsule 
via the suspensory apparatus of the distal. phalanx (SADP) (MOller 1936, Budras et al. 1989, 
Pellniann 1995). This suspensory device is formed by the interdigitation of the dermal and 
clikien-nal lanicilae within the Stratum lamellatum, and the Stratum reticulare. This association 
I. s 1111cilitatcd by the 13M, and its structural linkage to the periosteum of the distal phalanx, via the 
nctwork of' connective fibres contained within the extracellular matrix of the laminar dermis 
(Budras 0 al. 1996). This complex anatomical association, which is illustrated in Figure 1.9, 
unites tile hoofwall to the DP (Pellmann 1995, Budras et al. 1996, Pellmann et al. 1997), and 
I-CSUltS in the eqUid foot acting as a single functional entity (Budras and Huskamp 1999, Hood 
1999h, Pollitt 2001,2002). 
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Figure 1.9 Diagrammatic representation of the equid foot to illustrate the suspensory 
apparatus of the distal phalanx (SADP). 
A. Sagittal section of the foot to show transect line X-X. 
B. Transverse section along the transect X-X to show the anatomical organisation of the SADP 
(After MUller 1936, modified after Pellinann 1995, Budras et al. 1998a, Budras and Huskamp 1999). 
A 
B 
Suspensory Apparatus of the Distal Pabalanx (SADP) 
comprising the Stratum lamellalum and the Stratum reficuidre. 
The SADP unites the Distal Pholani (3) and The Stratum madiNav of the boof wall (4) 
into a Single functional entity. 
Stratum lamellatum Stratum reticular* 
comprising loterdlilliatiog containing network of 
Dermal (1) and EpIdemal 92) Lsmellae collagenous Ilbres 
This anatomical orgailisation is thought to results in a 11111LILIC niode ol'weight bearing within the 
equid (Pollitt 2002). In this regard, the f'orccs associated with weight bearing do not act through 
the digital cushion and the sole, as is the case in digiligrade and IflalItIgNAIC 1`00t. IIIStCad, thCý' 
arc redirected to the hool'wal I via the laminar interface (Coleman 1805, Peters 1883). 1 lence the 
SADP is central to Ilic transfer of* forces between dic ground and the axial skeleton Wcllmann 
1995, PcIlmann ci ul. 1997). 
As a COIISC(ILICIICC of' this anatomical organisation, the hoof wall represents the major load- 
hearing component within the eLlUid hool'cal)SUIC (Nickel 1938a). The hool'Nvall is thcrel'Orc of' 
partICLIlar ftinctional significance. As the SM constitutes the bulk of' the hool' ývall, it is this 
component that is considered to bc principIc load bearing element of' tlic hool' wall (Nickel 
1938a, b, 1939). It is Im this reason that the predominant 1`6cus ol'this thesis is an investigati . oil 
ol'the impact ol'thc laminitic condition upon flic, 10f. 
1.7 31) HOOF WALL GROWTII AND ITS ASSOCIATION WITH THE 
LAMINAR CORIUM 
Hoof wall growth results from the ongoing cellular prolilleration within the corollary region of* 
tile hoof' wall. I lence the direction of'hool' wall growth proceeds in a proxinio-distal direction 
1'rom the ('13 to the 1311. The primary epidermal larnellae ol'the S1 are thought to move past their 
dermal COLll1tcrparts in a distal direction, facilitated by a sliding-contact mechanism (Budras et 
id. 1989, Pollitt 1990a, Bolliger 1991) - see Figure 1.10. The physiological remodelling ol'the 
BM, mediated through the action of' matrix metalloproteinasc (MMP), is responsible I'Or the 
sliding-contact within the larnmar interface (Pollitt 2002 - Pers Corn. ). In tills way, the hoofwall 
call move distally from tile ('13, as a single anatonlical entity, whilst maintain) . lig tile functional 
integrity ofthe SADII. 
1.8 THE HOOF PASTERN AXIS 
F. flicient locomotor Function, devoid of pain, is reliant upon optimal stress and strain 
distribution within the distal limb (Collins and Reilly 2004b -- Submitted). In this regard, Balch 
et al. (1991), Stashak et al. (2002) and Tachio el al. (2002) stated that the anatomical 
coil formation of the distal linib was central in achieving correct t*oot balance, and that a 
balariccd foot was an essential prerequisite in achieving efficient locomotor Function. These 
authors also argued that tile I fool' Pastern Axis (I IPA) was a key determinant ofdorso-palmar 
balance within the cquid foot. 
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The IIIIA summarises the spatial relationship, in the sagittal plane, between the following 
anatomical elements of the distal limb: - 
" The proximal phalanx or Phalanx proximalsis (PP) 
" The middle phalanx or Phalanx media (MP) 
" The distal phalanx or Phalanx distalis (DP) 
" The hoof capsule 
The I IPA describes the angular relationship between the Pastem and Hoof axes, during static 
weight bearing, when the longitudinal axis of the metacarpal bone is perpendicular to the 
ground surface - see Figure 1.11. 
The anatomic reference points that determine these axes are: - 
I. The Pastcrn Axis formed by: - 
The alignment of the phalanges (PP-MP) 
and its angular relationship with: - 
0 The dorsal aspect of the DP 
0 The scapular spine 
2. The I loot'Axis formed by: - 
* The dorsal aspect of the hoof wall 
According to accepted dogma three distinct anatomical configurations may occur during static 
loading when tile metacarpal is in perpendicular alignment to the ground. These are summarised 
I. n Table 1.2. 
1.8.1 THE HOOF PASTERN AXIS IN THE LAMINITIC EQUINE 
Tlie development of a 'Broken Forward' HPA is of particular significance with regard to the 
larninitic condition, and is discussed in Section 1.11.1.2. Conversely events associated with the 
laminitic condition can also result in the development of an apparent 'Broken Back' HPA. This 
is characteriscd by an obtuse angular difference between the pastern axis and the dorsal aspect 
ofthe hoofwall (Collins - Pers Obs. ). This configuration differs, however, from the recognised 
'Broken Back' I IPA axis in fliat it is not centred upon the DIP joint. Hence an obtuse angular 
relationship between the Pastern Axis and the dorsal aspect of the DP is not pathognomonic. 
Thc hiomcchanical consequences of this anatomical configuration are poorly defined. The 
development ofthis apparent 'Broken Back' HPA is also discussed further in Section 1.11.1.2. 
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Figure 1.10 Diagrammatic representation of the sliding mechanism by which proximo- 
distal hoof wall growth occurs whilst maintaining the functional integrity of' the SADII. 
(Modified after Pollitt 1990). 
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Figure 1.11 Schematic representation of* (lie artiodactyl anatomy ol'the distal limb of the 
equid foot to show the anatomical reference axes used to determine the hoof* pastern axis 
(Modified after Eley 1998). 
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1.9 HOOF FUNCTION 
1.9.1 FINER FUNCTIONING OF THE HOOF 
As tile hoot' represents the platform for dynamic performance (Balch et al. 1991), it must 
accommodate and ultimately resist the forces associated with weight bearing (Leach 1980). The 
hoof' must also achieve the smooth and painless cyclic transfer of these forces between the 
ground and the axial skeleton (Reilly and Kempson 1992). This must be achieved without 
excessive deformation or catastrophic failure of the hoof capsule in order to afford protection to 
tile underlying sensitive structures of the foot (Leach and Zoerb 1983). Hence it can be argued 
that without a fully functioning hoof capsule there can be no healthy or painless foot (Newlyn et 
al. 1999, Collins and Reilly 2004a - Submitted). 
Despite these facts, our knowledge of the factors that govem the functional capabilities of the 
hoof' is limited, as is our understanding of the impact of specific pathological conditions of the 
foot (lZeilly 1995). This is of particular concern as deficiencies in the functional capability of the 
hooflead to reduced performance, pain and lameness (Geyer and Tagweker 1986). These issues 
raise particular welfare concerns to those involved in equid management (Reilly 1995, Collins et 
al. 2002). 
Despite these I*acts there is distinct lack of basic and applied research concerning lameness 
within the unguligrade foot (Payne 1966, Greenough 1978). Indeed research in this field has 
been criticiscd in view of its subjectivity and lack of rigor (Slater et aL 1995). 
lZcl lly ( 1995) rccognised these facts and stated that there was a need to adopt a new research 
approach. This author proposed a measurement-driven scientific rational for further hoof 
research. 
This thesis has 1161lowed the principles outlined by Reilly (1995). It has sought to establish an 
appropriate scientific basis by which the pathology of the hoof, associated with the laminitic 
condition, can be investigated. 
The eminent Victorian pathologist Rudolf Virchow stated that pathologic change can be defined 
as: 
"alterations in structure andfunction in response to injury" 
(cited by Ranther 1966) 
Indeed this author stated that pathological processes represent quantitative changes in, or the 
degeneration of, existing structures, rather than the formation of completely new structures. 
llence the study of' pathological degenerative change can be placed on a quantitative basis. 
I lowcvcr lZc1d (1980) argued that the study of biological structures, even in quantitative terms, 
is a sterile and obsolete science unless specifically related to function. 
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1.9.2 STRUCTURE-FUNCTION INTERACTIONS OF THE HOOF 
The ability of the hoof to bring about smooth and painless force transt'er will depend upon the 
biomechanical characteristics of the capsule, and the nature of the forces acting upon the hoot'. 
In this respect, Politiek et al. (1986) suggested that the functional capabilities of the capsule 
were likely to be determined by both the hoof horn characteristics, and tile geometric shape of 
the capsule. 
According to first engineering principles, Gordon (1976) stated that the response of a solid body 
to mechanical loading is governed by: - 
0 The material/s that forms the body 
0 The geometric form of the body 
Geometric shape dictates the nature of the deformation in response to loading, whilst the size of 
the object, and the material/s that form the object will govern the magnitude of the deformation. 
However Vincent (1992), highlighted that mechanical properties are determined not only by the 
material/s that form the object, but also by the structural organisation of the material/s within the 
object. 
Indeed the structural organisation of the hoof wall has been suggested to be important both in 
terms of stress transfer and energy absorption (Nickel 1938a, b), and force distribution within the 
wall (Bertram and Gosline 1986). Reilly ef al. (1996) argued that the structural organisation of 
the hoof ultimately affects the horse's ability to: 
"transmit theforces of locomotion ". 
It can therefore be concluded that the functionality of the hoof is likely dependent upon: - 
0 The hoof hom material from which it is composed 
0 The structural organisation of the hoof hom material 
0 The 3-dimensional geometric shape of the capsule 
Thus it is to be expected that the design complexity of the hoof capsule per se determines the 
functional capabilities of the capsule, with the functional capabilities of the hoof wall governed 
by its design hierarchy (Bragulla et al. 1992, Reilly et al. 1996). Rooney (1978,1980) stated 
that the design of hoof wall reflects directly the need both for force resistance and energy 
absorption. 
In this regard, Bragulla et al. (1992) and Reilly el al. (1996) stated that the finer function of the 
hoof wall was dependent upon: - 
0 Intracellular Factors 
0 Intercellular Factors 
0 Architectural Factors 
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Reilly el al. (1996) also emphasised that the functional properties of the hoof wall were also 
likely to be modulated by the level of hydration. 
Iii order to determine the structure- function relationships within the hoof, Reilly (1995) argued 
that there is a need to further develop our knowledge of. - 
" The mechanical functioning of the hoof 
" The relationship between the forces generated during loading and the structural 
organisation and material properties of the hoof 
Studies have been conducted, using a variety of different scientific techniques, to define hoof 
characteristics at the gross anatomic level (Josseck et al. 1995), the macroscopic and 
microscopic levels (Pellmann el al. 1993, Reilly et al. 1996,1998a), and the ultrastructural level 
Wellmann el al. 1993, Wattle 1998). 
Several Studies including Leach (1980), Pellmarm et al. (1993), Geyer and Schulze (1994), 
Zenker (1991), Zenker et al. (1995), Kasapi and Gosline (1997), Collins et al. (1998) and Reilly 
(2001) have also variably correlated these findings with defining mechanical properties. These 
have included ultimate strength, modulus of elasticity, and fracture toughness. 
However progress to date has been limited (Reilly 1995). There is a need to continue with this 
approach, and seek additional imaging, analytical and material testing techniques to complete 
the characterisation of the hoof capsule. In addition, new methods of objectively assessing 
capsular pertlormance and modelling hoof function need to be established. It is only through this 
approach that progress towards unravelling the design complexity of the hoof can be achieved 
(lZeilly 1995, Collins et al. 2002). 
Only in this way, can a comprehensive 
imaterials characterisation' 
ofthe hoofbe conducted, and the design complexity of the hoof truly understood (Collins et al. 
2002). 
Commenting upon this approach, Reilly (1995), Reilly el al. (1998b) and Collins el al. (2002) 
Concluded that if this can be achieved, then it will be possible to: - 
Identify those hoof horn characteristics affected in pathologically challenged hoof 
Assess the effects ofthese changes on the mechanical properties of the hoof 
Model the potential impact of these changes on hoof function 
Model the effects of therapy 
In this way we can further develop our understanding of the impact of degenerative conditions 
OftlIC 1100t Such as laminitis, and provide a scientific basis for the management and treatment of 
the all'ected ammal (Reilly 1995, Reilly et al. 1998b, Collins et al. 2002). 
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These issues are of fundamental importance in interpreting the effects of the laminitic condition 
on the biomechanics of the foot, and hence affect our ability to effectively manage the afflicted 
animal. Therefore these issues form the basis of the elements of work covered in this thesis. 
Chapter 3 specifically deals with the impact of the laminitic condition on the radiographic 
anatomy of the laminitic foot. Chapter 4 investigates the effects of these changes upon the 
structural organisation of the SM of the hoof wall, whilst Chapters 5 assess critical material 
characteristics of particular biomechanical significance. Chapter 6 seeks to explore the 
structure-function relationships of the hoof, and also evaluates the potential effects of the 
laminitic condition upon biomechanical hoof function. The final chapter investigates the 
structure-function interactions within the laminitic donkey hoof. 
1.9.3 HOOF FUNCTION -A BIONIECHANICAL OVERVIEW 
Despite the fact that the hoof capsule is fundamental to equid performance It has largely been 
overlooked in terms of biomechanical assessment and modelled function (Newlyn el al. 1998). 
Newton's third law of rnotion states 'for every reaction there is ail equal and opposite reaction'. 
Thus a solid object deforrn in response to loading to generate internal forces that counter the 
applied load (Gordon 1976). 
In a similar manner, the hoof deforms upon loading in order to accommodate and resist the 
forces associated with weightbearing (Leach 1980, Douglas et al. 1996). During static and 
dynamic weightbearing the hoof deforms in a consistent pattern (Douglas el al. 1996). This 
results in: - 
Inward movement of the proximal margin of the hoof wall 
Decrease in the proximo-distal height of the capsule 
Dorso-concavity of the dorsal aspect of the hoof wall 
Medio-lateral heel expansion 
Flattening of the sole 
Leach (1980) stated that the nature of this deformation reflects the complex interaction between 
external forces that act against the ground during weight bearing, force changes that occur 
internally within the foot. Knowledge of the capsule's response to loading is however limited, as 
is the finer detail of the respective forces that act upon the hoof during weight bearing. A 
detailed summary of our present understanding of capsular response to weight bearing was 
published as part of the initial work associated with this thesis by Newlyn el al. (1998). This is 
included in Appendix VII of this thesis. 
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Figure 1.12 summarises the biomechanical response of the equid foot to static weight bearing. 
It is widely accepted that the foot responds to loading in accordance with the depression theory 
described by Coleman (1805) and Peters (1883). 
In accordance witli Newton's third law of motion, a vertically directed ground reaction force 
(G) is directed through the centre of the solear aspect of the hoof, to counter the weight of the 
horse (W) that acts through the DP. However, as the distal margin of the hoof wall (BB) 
represent the weightbearing element of the hoof, components of the ground reaction force (g) 
act via the 1313. A resolved compressive force vector (c) is directed in a disto-proximal direction, 
from the BB to the CB. The magnitude of the resultant vector, at any point around the BB, is 
dependent upon the inclination of the hoof wall relative to the GRF. The action of the force 
vectors (c) result in the generation of tensile forces (T) within the SADP. 
Thc [)P is subjected to 4 additional loading forces. These are: - 
" Compressive forces at the DIP due to the body weight of the animal 
" Tensile fiorces at the extensor process due to the insertion and action of the Common 
FIxtensor Tendon (CET) 
" Tensile forces on the palmar surface due to the insertion and action of the DDFT 
" Compressive forces generated against the sole 
The pliant nature of the dermis allows semi-independent movement of the DP relative to the 
hoof' wall and sole (dislocation) in response to these forces. The dislocation of the DP is 
dependent on the anatomical organisation of the foot, and the complex interaction of force 
vectors. As the t1bot acts as a unified functional entity, the dislocation of the DP is both 
influenced by, and influences, the hoof wall through the action of the SADP. At ground contact, 
the DP is dislocated vertically away from the wall towards the sole. This initial movement 
generates tensile forces within the SADP. As the loading forces increase the DP begins to act 
directly upon the hoof capsule. This results in the initial distal displacement of the sole. 
Eventually a point is reached at which the sole can not be displaced further. At this stage the 
sole acts as a fulcrum about which the DP rotates. The palmar aspect of the DP rotates distally 
further flattening the solear surface, whilst the apex of the DP rotates towards the dorsal aspect 
of' the hoot' wall. This rotation displaces the proximo-dorsal aspect of the DP and, as a 
consequence of its intimate attachment via the SADP, the proximal hoof wall. It is this action 
that induces the dorso-concavity of the hoof wall observed during weight bearing. The 
associated lowering of the MP, which results as a consequence of DP dislocation, leads to a 
concurrent medio-latcral expansion of the heels. 
This kinematic response within the hoof wall occurs in a recognisable and repeatable manner, 
and reflects the complex interaction of forces that are generated during weight bearing. 
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Leach (1980) theorised that the hoof wall was likely to be subjected to forces originating from 
three sources in response to weight bearing. These are- - 
0 Compressive stress from the ground 
Tensile stress from the lamellae 
Stress resulting from the change in capsular form 
Various techniques have been employed to elucidate the resultant stress and strain distribution 
patterns in the hoof wall in response to these force interactions (Mair 1974, Colles 1989, 
Thomason et al. 1992, Thomason 1998, Dejardin et al. 1999,2001). In general, these studies 
have provided evidence that supports the assertion of Leach (1980) in which compressive forces 
predominate. 
Nickel (1938b) proposed a theoretical model in which the hoof wall was subjected to 
compressive forces alone. However, Thomason et al. (1992) argued that as the inner aspect of 
the hoof wall was also likely to be subjected to tensile forces, leading to the generation of 
bending forces within the hoof wall. Hood et al. (1991) evaluated force generation in the hoof 
wall during static loading, using transducers capable of discriminating between bending and 
compressive defon-nation. They concluded that the dorsal hoof wall was subjected to either pure 
bending, or compression and bending. Pure compression alone, within the wall, was not 
recorded. However the data from this investigation, that formed the basis of these conclusions, 
have yet to be published. 
1.9.3.1 A MATERIALS CONSIDERATION OF HOOF WALL FUNCTION 
As the hoof wall represents the major functional weightbearing component of the hoof capsule 
(Nickel 1938a, b, Parker 1973) it must posses the inherent capabilities to dampen concussive 
ground impact forces, resist weightbearing forces, and facilitate painless stress transfer. 
This has raised issues relating to the functional significance of the hoof horn material and the 
structural organisation evident within the hoof wall, and also the different mechanisms that may 
exist within the design hierarchy that facilitates hoof function. 
Nickel (1938a, b, 1939) argued that the structural organisation was central to the processes of 
force transference and energy absorption, and Bertram and Gosline (1986) stated that the 
structural organisation determined the force distribution within the hoof wall. 
Speculating as to the structure-function interactions present within the hoof wall, Nickel (1938b, 
1939) hypothesised that the horn tubules acted as vertical struts, with the intertubular horn 
transferring stresses to the tubules. Klema (1937) also suggested that the intertubular horn 
would serve to prevent horn tubule buckling. If the horn tubules acted in this manner, it would 
be anticipated that the modulus of elasticity would be greater to in the direction of the horn 
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tubules i. e. parallel to long axis of the horn tubule. Several studies have been conducted in order 
to evaluate Nickel's theory, including Leach (1980), Leach and Zoreb (1983) and Kasapi and 
Gosline (1997), however the results of these studies are equivocal. Whilst both Douglas et al. 
(1996), Kasapi and Gosline (1997) and Douglas (1998) reported moduli values consistent with 
Nickel's theory, neither Leach (1980), nor Leach and Zoerb (1983), were unable to detect such 
an association. 
More recently, Bertram and Gosline (1986), Kasapi and Gosline (1996,1997), Reilly et al. 
(1996,1998a), Cope et al. (1998), Collins et al. (1998), and Newlyn et al. (1999) have 
speculated as to whether the structural organisation of the hoof wall, can be interpreted in terms 
ofcornposite material theory. 
At the microscopic level of the design hierarchy Collins et al. (1999), Reilly et al. (1998a), and 
Newlyn el al. (1999) suggested that, the horn tubules might act as reinforcing fibres within a 
matrix of intcrtubular hom, in a similar manner to synthetic unidirectional fibre composites. 
Newlyn el al. (1999) stated that composite material theory at this level in the hierarchy could 
prove to be a fruitful approach to elucidating both normal and abnormal hoof function. In this 
regard, these authors argued that the functional capabilities of the SM would be determined by 
the: - 
" Tubule density 
" Material properties of the tubular and intertubular horn components 
" Absolute areas of the marrow (medullary cavity), cortices and tubules 
" Cross sectional shape of the tubules and the medullary cavity 
" Volume fraction of tubular and intertubular hom 
* Volume firaction of the medullary and cortical contribution to the tubular hom 
lZei lly et al. (1996) and Kasapi and Gosline (1997) have suggested that the hoof wall may also 
act as a multi-laminated composite, at a macroscopic level of the design hierarchy. 
Strain energy absorbed both in the separation of different material phases, and also the laminar 
ply, would increase the work of fracture (Gordon 1976, Vogel 1988). This complex design 
would produce a "torttious jagged path" to inward crack propagation (Reilly et al. 1998a). In 
addition, separation along the tubular- i ntertubular interface would produce an effective crack 
stopping mechanism (Bertram and Gosline 1986, Kasapi and Gosline 1997). Differences in the 
structural organisation between the respective laminar ply would allow different crack diversion 
mechanisms to exist across the HWD of the SM. This would afford additional protection against 
crack propagation originating in different directional planes (Kasapi and Gosline 1997). Finally, 
dclammation along these laminar interfaces would also serve to absorb strain energy, and 
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provide an additional means of preventing catastrophic failure (Bertram and Gosline 1986, 
Reilly et al. 1996, Kasapi and Gosline 1996). 
If hoof wall function can be interpreted successfully in terms of composite material theory, then 
the measurement of specific hoof horn parameters would provide an appropriate basis for 
objective hoof horn characterisation. This would enable the effective quantification of 
pathologic change, and facilitate the functional interpretation of change. These issues are 
explored within Chapters 4,6 and 7 of this thesis. 
1.10 THE DONKEY AND HORSE FOOT - HOMOLOGOUS LOCOMOTOR 
ORGANS? 
Despite the importance of the donkey in the developing nations, there Is a paucity of' 
information relating to the donkey (Walker et al. 1995) and the foot in particular (Doguer 1943). 
Hence there has been a tendency to assume that the distal limb and foot of the donkey represents 
homologous anatomical structures to those of the equine (Collins el al. 2002). 
Preliminary work associated with this thesis sought to comprehensively review the comparative 
anatomy of the distal limb and foot for the horse and donkey, and culminated in the publication 
of Collins el al. (2002). These findings are summarised in Table 1.3. Fundamental differences 
between these species are apparent both in the anatomical organisation of the distal limb, the 
foot, and within the design hierarchy of the hoof. 
Collins et al. (2002) argued that these differences, which are discussed below, suggest that the 
donkey must properly be viewed as a unique equid species, and hence the application of an 
equine model to the donkey foot is not justified. 
1.10.1 THE HPA OF THE DONKEY 
It is widely accepted that the HPA of the donkey is steeper than that of the horse (Crane 2000). 
However debate exists as to whether tile donkey naturally exhibits a 'Straight' HPA like the 
horse, or due to anatomical differences between tile two species, a 'Broken Forward' I IPA - 
(Reilly 1997) - See Figure 1.13. This issue is of particular biomechanical significance as the 
HPA determines the nature and magnitude of force generation within the foot, and hence, 
affects those interrial forces that the hoof wall must accommodate. The accepted management 
practice of dressing the donkey foot to the theoretically 'ideal' equine HPA (Fowler 1995, Eley 
1998, Crane 2001) may have deleterious consequences within tile donkey foot if a 'Broken 
Forward' HPA occurs naturally. Indeed this would significantly increase the No ec anica imhiI 
force that the deep digital flexor tendon (DDFT) exerts upon the DP, and thereby the SADP, but 
answers to these questions remain unresolved. 
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Table 1.3 Summary of comparative anatomy of the distal limb of the horse and donkey 
with specific regard to the evolutionary adaptation and biomechanics of the foot (Modified 
after Collins et A 2002). 
Parameter Horse Donkey 
E uus caballus Equus asinus 
F, volutionary progenitor * Native Horse Breeds" 12 * African Wild Ass? 
1,10,12 
(1,10,12) 
Fnvironmental adaptation 9 Adapted to the grassland plains * Adapted to the rocky terrain of 
(1,12,13,31,32) of the temperate Steppe the Arid plains 
12,13 
environment" 
12,13 
* Trickle feeding on quality Browsing on low quality 32 '1 grasses 
12 , herbage 
* Athleticism 
13 
e Surefootedness and 
athletici SM13 
Survival strategy * Highly evolved locomotor e Locomotive flight response? 
10,13 
(1,10,12,13,16,24) flight response 
1,12,13,16 Stoical nature'O, Tendency to 
'freeze' 
10.24 
Anatomical adaptation of distal * Perissodactyl organisation 
1,12,16 
9 Perissodactyl organisation"' 
2,13 
linib * Unguligrade stance"' 
2,13,16 
* Unguligrade stance 
1,12,13 
(1,12,13,16,24) * Additional accessory check 
ligament24 
I loof'Pastern Axis 9 'Straight' HPA 
3,26 
* 'Straight'" / 'Broken 
(3,8,9,26) Forward ? 
26 HPA - Axis masked 
by developed CB? 
26 
4P HPA is more upright9 
Capsular shape * Circular solear profile 20 9 'U' shaped profile with flare at 
(5,7,9,11,12,14,20,26) heels 7.9.26 
e Capsule inclined 20 e Capsule of upright, 'boxy' 12 
quadrilateral appearance". 
Proportionally narrower than 
horse" 14 
e Truncated cone? 5.20 o Truncated cylinder? 5 
I)orsal I loofWall Angle 41 Fore 45-5 Oo3,7,14,20 o Fore @ -55 
ý7,14 
(3,7,14,20) More upright by 5- lOo14 
l. ateral/niedial angles Inclined 
20 
o Almost perpendicular 
7,14 
(7,14,20) Lateral 101.5' 14 Lateral 9lo14 
Medial 101.5' 14 Medial 88.5' 
14 
Capsular Dimensions 0 Relatively large hoof o Relatively small hoof 2 
I leight ratio capsule"'- 
25 5 
capsulelo' 
(7,10,14,25) Midline: Quarters : Heel Ratio Midline: Quarters : Heel Ratio 
3: 2: 17,14 3: 3: 1.5 
7,14 
lleel 9 Sloping heel' o Strolý developed heel 
(3,7,9,33) . 
33 
buttress to give upright 9 
appearance 
Solear weight bearing o Sole does not normally bear e Evidence of solear weight 
weight9 bearing? 9 
o Sole hei h Up to I OMM14 o Sole height up to 13mm, 14 
Frog * Intimate association with o Frog appears to be separate 
capsule. Contained within the from the other structures of the 
other structures of the capsule" 
Perioplic groove e Merges with coronary groove' Widens at heel and fuses with 
(5,7,14) frog7' 
14 
Perioplic hyperplasia? 5 
28 
White line *2-3.5mm dorso-palmar depth e No greater than I nim dorso- 
(2,9) Dependant upon bodyweight- palmar depth , 
Dorso-palmar hoof wall depth e Ta R, ers from the midline to the 9 Does not appear to taper 26 
(HWD) heel- 0 
(17,26,30) e HWD at MDC - 
lOMMI7 eI IWD at MDC > than the 
horse'? 17 
SADP 9 Approx. 600 Dermal e Approx. 350 Dermal lamellae" 
(2,14) lamellae 2,14 9 Lamellae broader than tile 
horse 14 
Zona nonpiginentosa Evident within the horse 
5,17 Not present5' 
17 
(5,17) Functional significance unknown 
Tubule Density eDorso-paimar decrease in hom *Dorso-palmar decrease in horn 
(17,19,27,28,29,34) tubule numbers per unit area tubule numbers per unit area 
(TD) 17,19,27,28 (TD) 17,29 
*4 TD regions or TD ZoneS, 
27'28 
93 TD Zones'? 17,29 
* Zonal Boundaries (ciý -25,50, 9 Zonal Boundaries (qý - 33, and 
and 75 %HWD 
27,29 
50 %HWD 17 
* Stepped pattern 
27,29 
9 Curvilinear pattern 
17,21) 
Tubular horn organization of the o Distinct tubules types 
13,22,30 
9 Broadly similar tubule types'* 14 
Sm 
e Tubule types vary 'across and e Tubule types va ' across and rZ 
(5,6,14,19,26,30,34) around' the HWD 
13.22 
.26 around' the HWD 
e Distinct regional populations of 13 * Distinct re&nal populations of 
tubule types tubule types- ,6 
* Pattern of regional distribution 
of tubule types (Tubule Zonation) 
different to the horse 
5,30,34 
Moisture content of the SM in Physiological moisture content e Greater than the horse ((iý 
temperate environment in the order of - 25%17,18 -33%, 
17,19 
(4,17,18) * Dorso-palmar decrease across Dorso-palmar decrease across 
HWD 17 
= 17 
9 Zonal variation across the 9 Zonal variation across tile 
HWD 17 HWD 17 
ZI 23%, Z2 33%, Z3 38%5' 17 
Mechanical Properties e Modulus of Elasticity at * Comparable values for the 
(4,15,17,19,21) physiological moisture levels ey, 17 19 donkey are sipificantly lower (q) , 450 MPa 4.1 -180 MPa, 
Zonal moduli decreases across e Zonal moduli decreases across 
HWD 15,17,19 tile I IWD 
17 
9 Zonal values < horse 
17 
Hoof Function Recognised pattern of 9 Pattern not known 
(22,25,34) deformation during loadbearing" e Modelled deformation indicates 
differences 25 
e Deformation not as 
pronounced ? 
34 
Key: 
I Bennett ( 1980,1992) 
2 Budras and Schiel (1996) 
3 Colles (1983) 
4 Collins ef al. (1998) 
5 Collins ef al. (2002) 
6 Collins and Reilly 2004a, b) 
71)oguer(1943) 
8 F. Icy (1988) 
9 Fowler (1995) 
10 French (2000) 
11 Getty (1975) 
12 Groves (1974) 
13 Groves (1986) 
14 Ili fny and Misk (1983) 
15 1 finterholler (1996) 
16 Hildebrand (1987) 
17 Hopegood (2002) 
18 flopegood et al. (2003b) 
19Kasapiand(iosline (1999) 
20 Leach (1990b) 
21 Leach and Zoerb (1983) 
22 1 ungwitz ( 1991 ) 
23 Mathews (2000,2002) 
24 Mathews (2002 - Pers Com) 
25 Newlyn et al. (1998) 
26 Reilly (1997) 
27 Reilly et al. (1996) 
28 Reilly et al. (I 999a) 
29 Reilly ct at (2003) 
30 Schurnmer et aL (199 1) 
31 Seegmiller and Ohmart 
(1981) 
32 Svendsen (1995) 
33 Symons (1994) 
34 Tohara (1948) 
29 
1.10.2 CAPSULAR SHAPE 
Distinct differences in capsular shape exist between the donkey and the horse - see Figure 1.14. 
-rile donkey is characterised by the presence of an 'upright boxy' hoof compared with the 
'inclined rounded' capsule of the horse (Doguer 1943, Groves 1974, Reilly 1995). The hoof of 
the donkey displays a u-shaped (Getty 1975), or staple (French 2000), solear profile in which 
the dorso-palmar depth exceeds the medio-lateral width (Doguer 1943). The hoof wall of the 
donkey is also characterised by the presence of a marked flare, and by the development of a heel 
buttress. These characteristics are in marked contrast with the circular solear profile, and 
tapering heel of the horse hoof, and also the shallow inclined equine heel angle. 
Summarising these differences, Collins et al. (2002) suggested that by first approximation the 
donkey hoof capsule could be considered as an inclined and truncated cylinder. Whereas the 
hoof capsule of the horse, resembles that of an inclined and truncated cone or frustum. 
1.10.3 STRUCTURAL ORGANISATION OF THE HOOF WALL 
Although the anatomical organisation the hoof capsule the donkey and the horse are broadly 
similar (Ilifny and Misk 1983), Tobara (1948) stated that differences In the structural 
organisation existed between the two species - see Figure 1.15. Reilly (1997) provided 
photomicrographs that highlighted visual differences between the donkey and horse hoof wall. 
More recently Flopegood (2002), Collins et al. 2002, and Reilly et al. (2002a) have reported 
objective differences in pattern of tubule density, the number of hom tubules per unit area (TD) 
across the 11WD at the midline of the hoof capsule - see Figure 1.16. Reilly et al. (1996) 
rel'crrcd to this anatomical site as the midline dead centre of the hoof wall (MDC). 
Collins el al. (2002) also commented upon the fact that the macroscopic appearance of the 
donkey hoof wall, was in marked contrast to that previously reported for the horse by Kasapi 
and Gosl ine (1997) - see Figure 1.15. The macroscopic appearance of the hoof wall reflects the 
structural organisation of tubular and intertubular hom. Collins and Reilly (2004a - Submitted) 
reported the presence of three distinct tubule types within the SM of the donkey hoof wall. 
These authors argued that it was possible to sub-divide the dorso-palmar depth of the SM into 
discrete morphological regions, or zones, based upon the regional distribution of these tubule 
types. This issue is discussed in detail in Chapter 4 of this thesis. Hence the differences noted in 
regional distribution of tubule types, between the donkey and the horse indicate the presence of 
a 'species specific' zonation pattern (Collins et al. 2002). The zonation pattern evident in the 
SAI ofthe donkey hoof wall at the MDC, and the region distribution of the different Donkey 
Tubule Types, are illustrated in Figure 1.17. 
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Figure 1.14 Photographic summary of the geometric differences in the gross 
anatomical shape of the donkey (left) and horse (right) hoof capsule. 
A 
B 
C 
A. lateral view of the hoof capsule to highlight difference in dorsal hoof wall angle, and heel development 
and angulation. B. Dorsal view of the hoof capsule to highlight differences in the medial and lateral 
angulation of the hoof wall. C. solear view of the hoof capsule to highlight differences in the solear 
profile of the hoof, and the anatomical relationship between the sole and frog. 
Figure 1.15 Photographic comparison of differences in structural organisation of the hoof 
wall at the macroscopic level in the design hierarchy between the donkey (above) and 
horse (below). 
A. 
B. 
A. Donkey hoof wall at the n-ddline of the hoof capsule in transverse (left) and longitudinal (right) 
section. B. Horse hoof wall at the midline of the hoof capsule in transverse (left) and longitudinal (right) 
section. 
Figure 1.16 Comparison of differences in the dorso-palmar variation in tubule density 
(The number of horn tubules per unit area) across the hoof wall depth, at the midline of 
the donkey (top) and horse (bottom) hoof capsule (AB - PAS Staining). 
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Figure 1.17 Photomicrograph of the transverse section of the donkey hoof wall at the 
midline dead centre (MDC) to show the three morphologically distinct Donkey Tubule 
Types, and the zonation of the Stratum medium by regional distribution of tubule types 
(AB - PAS Staining). 
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1.10.4 MATERIAL PROPERTIES OF THE HOOF WALL 
Collins et al. (1998), Hopegood (2002) and Collins et al. (2002) have reported differences in the 
modulus of elasticity (E) of the hoof wall between the donkey and the horse. 
1.10.5 BIOMECHANICAL CONSEQUENCES TO HOOF FUNCTION OF 
ANATOMICAL, STRUCTURAL AND MATERIAL PROPERTY 
DIFFERENCES IN THE DISTAL LIMB OF THE DONKEY 
The functional consequences of the anatomical, structural and material property differences 
discussed above are poorly defined. However these are likely to affect the bionlechanical of tile 
foot and hence represent important 'species specific' differences in locomotor function. Thus 
the response of the donkey hoof capsule to loading may differ from that of the horse in tile 
following ways: - 
" Different amounts of movement may occur. 
" Different modes of movement may be experienced. 
" Different patterns of stress distribution may develop. 
" Loading forces may be accommodated differently. 
This brings into question the validity of applying an equine model to this unique equId species. 
1.11 LAMINITIS 
Due to the lack of inforination regarding lamin't's in the donkey, this review Is based upon the 
impact of the condition in the horse. However the events covered in review have been illustrated 
with photographic evidence obtained from the laminitic donkey foot. These photomicrographs, 
obtained during the preliminary stages of this study, represent the first detailed account of the 
impact of the condition in the donkey foot. This information was presented by Reilly el al. 
(I 998b) at the I" International Research Conference on Equine Laminitis. 
1.11.1 INTRODUCTION 
Laminitis is a complex disease of multifactorial origin that becomes evident at the level of the 
foot (Hunt 1993), that poses a particular threat to all Equidae (Akerblorn 1934, Dietz 1977, 
Riggs and Knottenbelt 2000). It is a serious and painful disease that results in acute and/or 
chronic lameness. Indeed it may even necessitate the humane destruction of the afflicted animal 
(Hunt 1993). Hence laminitis raises significant welfare and management concerns (Flood 
1999a). 
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The most commonly reported causal factors for laminitis are carbohydrate overload, overlong 
feet, trauma on hard ground, retained placenta, stress, concurrent diseases and pituitary tumour. 
Although the predisposing causes of laminitis are varied, they induce disturbances within the 
digital circulation leading to vascular compromise, focal anoxia, tissue damage and 
inflammatory responses that lead to degenerative changes within the foot (Hood et al. 1993a). 
The unique character of the equid digital, which is marked by numerous arteriovenous 
anastomoses, counter-current mechanisms and low systolic pressure, is well documented (Allen 
el al. 1988, Pollitt and Molyneux, 1990, Hunt 1991, Hood et al. 1994, Molyneux et al. 1994, 
Moore and Allen 1995, and Hirschberg et al. 2001). Indeed Hood (1999a, b) stated that the 
nature of the anatomy, and physiology, of the equid digital circulation actually predisposes the 
genus to vascular compromise. Hence the significant threat that laminitis poses to all equids. 
The major focus of laminitic research in the equid has centred upon aetiology (cause) and 
pathophysiology (effects) within the dermal tissues of the foot, during the developmental stage. 
lZesearch efforts have concentrated on the laminar conurn in particular, which lends its name to 
tile term laminitis, the inflammation of the dermal lamella (Reilly et al. 1998b). 
Consequently little is known about the nature of degenerative changes evident elsewhere within 
the dermis of the foot, or the impact upon hoof horn material that the dermis supports (Reilly et 
al. 1998b). Similarly there is little information as to the long-term effect of these degenerative 
changes upon the hoof (Hunt 1996). These issues are clearly of fundamental concern given the 
bioniechanical importance of the hoof (Reilly et al. 1998b). 
llence it can be argued that the chronic lameness often associated with laminitis is more likely 
to reflect upon the degenerative consequences of these pathophysiologic events, rather than the 
specific causal events themselves. In this regard, Hood et al. (1993b, Hunt 1996) stated that in 
spite of widespread knowledge of the inductive aetiologic mechanisms of laminitis, further 
research was required to assess the consequences of the pathophysiologic events within the 
chronically affected foot. 
It is therefore more appropriate to refer restrict the use of the term laminitis to those 
pathophysiologic events associated with the initiation of the developmental and acute 
inflammatory phase within the dermis. Hence the convention adopted in this thesis is to use the 
broader generic term of the 'laminitic condition' to encompass both the developmental and 
acute inflammatory stage, and the degenerative changes that occur within the foot as a 
conscquence of laminitis. 
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THEAETIOLOGYOFLAMINITIS 
Three distinct aetiological hypotheses have been proposed, and have been extensively reviewed 
by Moore et al. (1989), Baxter (1994), and Hood (I 999c). These are: - 
The vascular hypothesis 
This hypothesis argues that all pathological events, including metabolic dysplasias, 
inflammatory processes and tissue damage, stem from an ischaernic crisis, or infarction, within 
the foot. 
2. The toxic/metabolic hypothesis 
This theory suggests that the vascular, structural and inflammatory changes follow directly from 
metabolic dysfunction within the foot, induced by the action of toxic agents. 
These two distinct mechanistic processes suggest that laminitis develops secondary to a 
systemic insult within the affected animal. 
3. The traumatic hypothesis 
This hypothesis proposes that vascular, metabolic and inflammatory responses within the Foot 
develop as a direct consequence of digital trauma. 
1.11.1.2 THE PROGRESSION OF THE LAM INITIC CONDITION 
The onset of the acute phase of the condition is marked by changes in stance and gait of the 
afflicted animal (Obel 1948, Hood 1999a), which are indicative of acute pain within the affected 
foot. Degenerative changes are initiated within the foot as a consequence of the attendant 
vascular disturbance (Hood et al. 1993a, b). 
STRUCTURAL FAILURE OF THE SADP 
Pathologic changes within the laminar interface compromise the structural integrity of the 
SADP (Marks 1984, Pellmann 1995, Pellmann et al. 1997, Pollitt 1998a, b, Johnson el al. 1998, 
2000), and reduce the ultimate strength of this structure (11allab et al. 1991, Pollitt and Daradka 
1998, Hood 1999a, b). This threatens the functional ability of the SADP to effectively suspend 
the appendicular skeleton within the hoof capsule (Budras el al. 1992a, b, 1996). Biomechanical 
forces acting upon the compromised dermo-epidermal junction can ultimately lead to failure of 
the SADP (Coffman et al. 1970a, Stick et al. 1982), resulting in the dislocation of the DP (Obel 
1948, Marks 1984). 
Hood et al. (1993a), Hood (1997,1999a, b, c) and Morgan el al. (1999) considered that the 
dislocation of the DP signified the onset of digital collapse. This event marks the progression 
into a distinct phase of the condition. Structural failure of the SADP results in irreversible 
changes to the normal anatomical organisation of the foot, which adversely affect the normal 
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bionlechanical function of the foot. In this regard, Dietz (1977) and Hood (1997a) asserted that 
digital collapse should be viewed as a distinct pathological condition from that which precedes 
the fiailure of the SADP. These issues are considered in Section 1.11.3, and Appendix 11. 
The mechanical failure results in traumatic tearing and compression of dermal tissues relatively 
unaffected by the initiating pathology. It is also at this stage in the progression of the laminitic 
condition, that secondary pathologies are initiated within the foot. 
In fact, the irreversible degenerative changes associated with progression into the chronic phase 
ofthc condition preclude a full recovery, and restoration of the normal anatomical organisation 
ofthe foot. 
Regenerative processes however attempt to restore the functional integrity of the SADP (Budras 
el al. 1992a, b, Bragulla et al. 1992). This takes the form of cicatricial 'scar' horn production. 
llowever the resultant 'scar' horn that is produced is altered pathologically (Budras et al. 
1992a, b). 
Blow,, (j IAN ICA L CONSEQUENCES OF DIGITAL COLLAPSE 
The decoupling of the DP associated with the failure of the SADP prevents the foot from acting 
as an integrated functional unit (Hood 1999a). This alters the manner in which forces are 
distributed within the hoof capsule, and results in individual components of the foot being 
subjected to abnormal loading conditions (Oliver 1987). Failure of the SADP leads to both 
osseous and exosseous alterations within the foot. 
DISLOCATION OF THE DP 
It has been suggested that the precise nature and extent of the dislocation of the DP has a direct 
bearing upon the severity of condition and hence the prognosis of the affected animal (Kameya 
1973, Stick el al. 1982, Eustace 1991,1995, Cripps and Eustace 1999a, b). 
Ti IFNATI. ). ILE OFTHE DP DISLOCATION 
The failure of the laminar interface results in either rotation or distal displacement of the DP 
within the hoof capsule. Historically these two distinct modes of DP dislocation have been 
refierred to as 'founder' and 'sinker' respectively (Butler el aL 1998). However these two modes 
of' dislocation are not mutually exclusive (Baxter 1992a, b). Goetz (1987) stated that most 
at'llictcd animals exhibit a combination of both rotation and distal displacement. 
ROTATIONAI. DISLOCATION OF THE DP -'FOUNDER' 
FLI, stacc (1992), Fergusson (1994) and Herthel and Hood (1999) have commented upon the 
varied nature of rotational dislocation that may occur within the affected foot. Cripps and 
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Eustace (1999a) stated that there is a clinical need to accurately establish the precise nature of 
the rotational dislocation. In this regard, three distinct rotational events can be identitied. These 
are: - 
1. Capsular Rotation 
Capsular rotation is characterised by the unequal dislocation of the dorsal aspect of the DP 
relative to the dorsal aspect of the hoof wall, such that the two surfaces are not in parallel 
alignment. In addition, the phalangeal axis exhibits a straight alignment. This dislocation event 
is what Stick et al. (1982) referred to as pedal bone (sic DP) rotation. 
The mechanism responsible for the development of capsular rotation is unknown, and remains 
an area of conjecture. Herthel and Hood (1999) considered that leverage of the dorsal aspect of' 
the hoof wall against the weakened SADP, which occurs as the toe rolls over during 
locomotion, leads directly to the physical separation of the DP from the hoofwall, to produce 
this unequal dislocation. Alternatively, Stick el al. (1982) suggested that the action ofthe DDFT 
upon the DP, in those cases where compromise to the SADP was locallsed to the dorsal aspect 
of the laminar interface, led to this type of dislocation. Ryan (1999,2000a) however considered 
that capsular rotation resulted from differential rates of hoof horn growth between the dorsal 
aspect of the hoof wall and the heels, which result as a sequela of the acute phase of the 
condition. 
2. Phalangeal Rotation 
Phalangeal rotation is characterised by the dorso-palmar dislocation of the DP around the DIP to 
produce a 'broken' phalangeal axis. The dorsal aspect of the hoof wall is in parallel alignment 
with the dorsal aspect of the DP, hence this type of rotation is also characterised by the presence 
of a 'Broken Forward' HPA. 
A satisfactory explanation for the development of Phalangeal Rotation is lacking. However 
several contributing factors have been suggested. Rotation of the DP around the DIP joint may 
arise as a consequence of the as a consequence of the action of the DDFT on the DP. The 
reluctance of the animal to bear weight fully on the afflicted foot may result in the rotation of 
the DP around the DIP joint in response to the action of the DDFT. This may be further 
exacerbated overtime as a consequence of DDFT contraction that can result from a prolonged 
absence of normal tendon loading. Weight shifting away from the afflicted foot, may also result 
in reduced heel wear, which combined with the differential rates of hoof horn growth (see 
Section 1.8, may lead to development of a 'Broken Forward' HPA. Conversely (Herthel and 
Hood 1999) suggested that differential hoof horn growth could result In a tendency for heel 
height to increase, and thus induce flexure of the DIP joint. 
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3. Combined Rotation 
This type ot'dislocation involves both capsular and phalangeal rotation within the afflicted foot. 
It is characterised by both flexure of the DIP joint, resulting in a 'broken' phalangeal axis, and 
the absence of parallelism between the dorsal aspect of the hoof wall and the dorsal aspect of 
the DI. The mechanisms involved in the development of combined rotation are also unclear. In 
I, act, it is not known whether combined rotation arises as a consequence of the same 
mechanisms that are responsible for phalangeal and capsular rotational dislocation, which occur 
either sequentially or concurrently within the foot, or whether it represents a distinct sequela of 
degenerative change. 
Ilerthel and Hood (1999), commenting upon the contributing factors relating to phalangeal 
rotation, described two mechanistic scenarios that would actually result in the development of 
combined rotation, rather that phalangeal rotation alone. 
Firstly Ilood (1999a) stated that laminar compromise might adversely affect the resistance 
afforded by the SADP to the action of the DDIFT on the DP, leading to palmar rotation of the 
DII around the DIP joint. This author also stated that is a tendency for the apex of the DP to 
displace distally in response to a loss of functional integrity within the SADP, due to the fat that 
the sole preferentially supports the palmar aspect of the DP. 
Both ofthese events would result in development of a 'broken' phalangeal axis, and also, the 
unequal dislocation of the dorsal aspect of the DP relative to the dorsal aspect of the hoof wall, 
that is, the characteristic of combined rotation. 
DISTAL DISPLACEMENT OF THE DP -'SINKER' 
Distal displacement of the DP (DP displacement) is characterised by the distal dislocation of the 
D11 relative to the hoof wall. Parallelism is maintained between the dorsal aspect of the DP and 
the dorsal aspect of the hoof wall. DP displacement is marked both by an increased linear 
distance between the proximal limits of the two structures, in a distal direction, and also an 
increased orthogonal distance between the dorsal aspect of the hoof wall and the dorsal aspect 
ofthe DP. 
DP displacement is generally thought to indicate structural compromise throughout the entire 
laminar interface (Baxter 1986, Herthel and Hood 1999). The resultant loss of laminar support is 
such that the vertical GRF, imposed upon the foot during static loading, predominates in the 
process of digital collapse. This effectively forces the hoof wall up the limb and displaces the 
IM and sole towards the ground, thereby shearing the SADP. 
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Baxter (1986) concluded that DP displacement represented a severe form of digital collapse that 
often necessitates euthanasia, and hence reflected a guarded prognosis for the animal. However 
Hood (1999a) challenged this assertion, stating that this misconception had arisen due to 
inherent difficulties in detecting modest DP displacement. Hood (1999a) stated that D11 
displacement frequently accompanies rotational dislocation. Indeed O'Brien and Baker ( 1986) 
argued that an increase in the orthogonal linear distance, between the dorsal aspect of the hoot' 
wall and the dorsal aspect of the DP was pathognomonic of the initial stages of the dislocation 
of the DP Per se. Linford (1987,1990) and Linford el al. 1993 suggested that this resulted from 
'laminar' sic lamellar swelling associated with inflammatory responses during the acute phase 
of the condition. 
ROENTGENIC CHANGE WITHIN THE DP 
Osseous changes (roentgenic change) in the DP have been widely reported in association with 
the laminitic condition (Chandra et al. 1982, McNeel 1986, Linford 1990,1996, Butler el al. 
1998, Thrall 1998). These include new bone formation, and bone resorption and 
dernmeralisation. These in turn result in changes to the bone contour, density and shape of tile 
DP. These degenerative processes reflect changes in the biornechanical forces acting upon tile 
DP during the progression of the condition (Colles and Jeffcott 1977, Colles 1983). O'Brien and 
Baker (1986) and Baxter (I 992a, 1994) stated that mild bony reaction along the dorsal aspect of 
the DP is one of the earliest diagnostic signs of the laminitic condition. In the chronic phase of 
the condition, a distinct 'dorsal hump' may occur due to new bone formation along tile dorsal 
aspect of the DP (O'Brien and Baker 1986). In addition, a 'ski-tip' profile may arise due to bone 
spur fon-nation at the apex of the DP (Baxter 1992a, b). Butler et al. (1998) stated that this is 
most notable in those cases that have taken 'pressure' on tile sole. Excessive pressure on the 
sole can lead to bone fracture at the apex of the DP (Linford 1987), or degenerative resorption 
of the DP- The nature of the roentgenic changes evident within the afflicted foot, are widely 
accepted to be related to the severity of the condition, and to be of' prognostic significance 
(Eustace 1995, Hemker 200 1, G 16ckner 2002). 
1.11.1.3 THE IMPACT OF DIGITAL COLLAPSE UPON THE INTEGUMENT OF TIIE FOOT 
Digital collapse has a profound effect upon the intimate association that exists between tile 
dermal and epidermal components of the foot, and leads to the development of specific 
pathophysiologic sequelae. These include vascular malperfusion (flood et al. 1994), metabolic 
dysfunction (Grosenbaugh and Hood 1992,1993, Grosenbaugh el al. 1999), and altercd patterns 
of hoof horn formation (Grosenbaugh el al. 1991, Ryan 1995,1999,2000a, b) within the 
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affl icted foot. Dietz (1977) stated that the events following digital collapse should be viewed as 
a discrete pathology. 
As the nature and extent of the DP dislocation varies within the foot, then the resultant 
pathophysiologic changes are also likely to be different (Reilly et at. 1998b). This may in part 
account for varied nature of the clinical presentation of the chronically affected laminitic animal 
rcported by Morgan et al. (1999). 
Ti IEIM PACT AT THE LEVEL OF THE CORONARY BAND 
Changes in the appearance of the coronary band are frequent and vaned in the laminitic 
condition (flood 1999a). During the early stage of the condition, the coronary band appears 
swolicn and oedematous. As digital collapse occurs, the coronary band is displaced distally. 
This displacement results in the development of a palpable depression or 'sunken coronary 
band', which is detectable at the distal hairline. It is believed that the extent of this depression is 
related directly to the degree of laminar compromise, and the nature of the DP dislocation 
(Linford 1990). This is restricted to the midline of the hoof, in the case of DP rotation (Linford 
1990,1996) whereas, the depression extends from the midline towards the heels if DP 
displacement has occurred (Baxter 1986). The development of this depression affects the 
normal anatomical organisation of the coronary coriurn. In the normal foot, the extensor process 
ofthe DP extends above the height of the coronary groove. However following digital collapse, 
the extensor process may be displaced distally behind the coronary sulcus, displacing and 
compressing the dermal tissues of the coronary corium behind the hoof wall (see Figure 1.18). 
This anatomical re-organisation distorts the coronary corium, increasing its dorso-palmar depth 
(Fustace 1993, flood et al. 1994, Hood 1999a) and altering the papillae orientation (Goetz 1987, 
E'ustace 1993). This displacement (see Figure 1.19) is associated with papilla hypoplasia, and 
blunting ofthe apical tips (Hood et al. 1994). This displacement is also believed to result in the 
generation of tensile and/or shear forces within the dermus. This can lead to a physical 
separation ofthe hoof wall from the dermis, and can result in retraction of the dermal papillae 
from the papillary sockets (see Figure 1.20 and Figure 1.22). Subsequent hom production no 
longer maintains parallel alignment with the dorsal aspect of the DP. 
These anatomical changes also lead to the development of negative interstitial pressure within 
tile dermal tissues of the conum. (Oliver 1987), that may account for the vascular malperfusion 
rcported by flood (1984) and Hood et al. (1994). 
The coronary corium is normally protected from traumatic damage during weight bearing by 
energy absorption within the wall (Dyhre-Poulson et al. 1994) and by stress transfer across the 
laminar intcrt*ace (Oliver 1987). 
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Figure 1.19 Photographs of the interio aspect of the donkey hoof capsule, at the height of 
the CB, to illustrate the increase in the proximo-distal extent of the hoof wall at the 
midline of the capsule, which results from the stretching of the coronary corium following 
DP dislocation. 
A. Normal anatomy of the interior aspect of the hoof capsule hoof wall at the nudline of the hoof capsulc. 
B Interior aspect of the laminitic hoof capsule, following DP dislocation, showing an increase in the 
proximo-distal extent of the hoof wall (*'), and stretching of the epidermal lamella (*2 ). Note also, the 
decrease in the proximo-distal height of the epidermal lamella resulting from encroachment of the 
coronary corium into the laminar interface. 
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However encroachment of the coronary corium into the laminar interface reduces the effective 
proximo-distal extent of the SADP (Hood et al. 1994, Hood 1999a, b). This encroachment, 
combined with the reduced functional integrity within the laminar interface, and misalignment 
of the hoof wall, may adversely affect energy absorption and stress transfcr processes within the 
hoof wall, thus reducing the level of protection given to the coronary coriurn by the hoof' wall. 
This may result in traumatic damage to the dermis and its blood supply, and lead to further 
inflammatory responses, pressure necrosis and vascular malperfusion effects, which 
subsequently affect hoof horn formation. 
THE IMPACT ON THE LAMINAR CORIUM AND THE LAMINAR INTERFACE 
The laminar dermis is, in part, supported by vasculature that passes through the cortex ofthe DP 
(Hood et al. 1994). Dislocation of the DP (see Figure 1.21) associated with the laminitic 
condition compromises the blood supply to the coria. This resultant vascular disturbance is 
further compounded by lamellar stretching, submural lamellar tearing and inflammatory 
responses that accompany this dislocation. These events are thought to exacerbate the challenge 
to the SADP and further compromise its functional integrity (Goetz 1987). The associated 
reduction in tensile strength (Hallab et al. 1991, Hood 1999a, Pollitt 2001,2002 - Pers Com. ) is 
believed to be related to both the severity of the condition (Pollitt 2002 - Pers Com. ), and the 
treatment outcome (Hood 1999a). The physical separation of the laminar corium from the hoof 
wall induces variable ectopic hyperplastic hoof horn formation (Kameya et al. 1980, Marks 
1984, Budras et al. 1989, Kuwano et al. 1998). 
1.11.1.4 ATTENDANT PATHOLOGIES IN THE CHRONIC LAMINITC HOOF 
The effects of the dermal changes associated with digital collapse upon the epidermis that they 
support are yet to be fully investigated (Reilly et al. 1998b). However a number of attendant 
pathologies have been reported in the chronically affected hoof. In fact Dietz (1977) viewed 
these changes sufficient to warrant the specific generic pathologic term of Taininitis Hoof. 
Attendant hoof pathologies have been described at every level in the design hierarchy, and 
affect the hoof horn material, its structural organisation and the geometric form of the hoot' 
capsule. These include: - 
* Changes to the hoof hom material involving: 
- Keratin expression and organisation (Obel 1948, Larsson el al. 1956, Marks 1984, 
Wattle 2000,2001) 
- Intercellular cement (Marks and Budras 1985,1996, Budras and Bragulla 1990, 
Bragulla et al. 1992 Wiling 1993) 
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- Moisture levels (Goetz 1987,1989) 
Ectopic/hyperplastic 'sear horn' formation (Wortley-Axe 1912, Marks 1984, 
Budras et al. 1989, Kuwano et al. 1998, Reilly et al. 1998b) see Figure 1.22, and 
Figure 1.24 
Hyperplasia/hypertrophy of the penople (Wortley-Axe 1912, Reilly et al. 1998b) - 
see Figure 1.25 
0 Changes to the structural organisation at the macro- and microscopic level including: 
- 'Kinked'/'Crimped' horn tubules (Lungwitz and Adams 1913, Goetz 1987,1989, 
Eustace 199 1, Pollitt 1995) see Figure 1.23 and Figure 1.24 
- 'Tubule irregularities' (Said et al. 1992, Nakade et al. 1992, Mostafa 1986, Reilly et 
al. 1998b, Collins et al. 2002) 
- Changes in the structural organisation of the white line (Marks 1984, Budras and 
Huskamp 1990, Budras and Schiel 1996, Reilly et al. 1998b) 
0 Changes of geometric form 
- Dorso-concavity of the hoof wall (Lungwitz and Adams 1913, Dietz 1977) 
- 'Angulation' of the hoof wall (Hood 1999a) 
- Divergent growth rings (Lungwitz and Adams 1913, Colles and Jeffcott 1977) see 
Figure 1.26 
- Irregular thickening of the hoof wall (Eustace 1993) 
- Dimensional changes to the white line (Budras et al. 1989, Budras and Huskarnp 
1990 Reilly et al. 1998b) 
- Flatten ing/Bulging of the sole (Linford 1990, Pollitt 1995, Morgan et al. 1999) 
Bragulla el al. (1992) considered that the pathophysiology of the laminitic condition results in 
(lie production of poor 'quality' hoof horn, and Maclean (1971a) stated that resultant hoof horn 
was less able to afford protection to the sensitive structures of the foot. In this regard, Hendry et 
al. (1997,1998) argued that the laminitic condition should be correctly considered as a: 
"consequence of poor 'quality' hoof horn". 
'Nis statement implies that the debilitating effects of the laminitic condition are inextricably 
linked to epidermal changes, and their resultant effect upon hoof function. It therefore follows 
that the attendant epidermal changes may be related to the severity of the condition, and directly 
affects the recovery outcome of the laminitic equid. 
This statement further highlights the important role of hoof horn research in developing a 
comprehensive understanding as to the impact of the larninitic condition on the affected animal. 
I lowever in order to place this research on a proper scientific basis, quantitative assessment of 
the structure- function relationships within laminitic hoof horn is now required. 
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1.11.2 LAMINITIS AND THE DONKEY 
The significance of the threat posed by the laminitic condition to the donkey in temperate 
environments has been highlighted in Section 1.1. Eley (1998) stated that laminitis was the most 
common cause of lameness in the UK donkey population. Indeed Crane (2001) raised tile 
question as to whether laminitis was an inevitable and unavoidable consequence, given the 
longevity of the UK donkey, and the prevailing management regime. 
The life expected life span of the donkey in the UK far exceeds far exceeds that of the working 
donkey (10-16 years) in its native environment, with many individuals reaching 30+ years 
(Crane 2002b). This is of particular relevance as the incidence of laminitis in the donkey 
increases significantly with age (Eley and French 1983a, Eley 1998, Crane 1998 - Pers Corn. ). 
Eley (1998) reported that 35% of donkeys between 10 and 20 years surveyed in a cross sectional 
epidemiological study were suffering from chronic effects of laminitis. This compared with less 
that 4% in donkeys under 10 years of age. Crane (2002a) suggested that laminitis formed part of 
a continuum of degenerate and dysfunctional geriatric foot conditions. 
Eley (1998) also identified that inadequate foot trimming, history of overgrown feet, free access 
to lush pasture, and high body condition scores were also common risk factors for the condition. 
These factors may indicate that inappropriate management conditions exist in the UK for a 
species adapted to an and environment. This clearly raises significant welfare concerns. 
However despite these facts little is known about the impact of the laminitic condition upon tile 
donkey foot, either in terms of its effect upon the anatomy of the foot, or hooffunction. In the 
absence of baseline data for the donkey it is assumed that the progression of the condition is 
similar to that observed in the horse. This has resulted in diagnoses and prognoses based upon 
information gained from the horse (Collins et al. 2002). 
Empirical evidence however suggests that this assumption may be inappropriate, For example, 
Eley (1998) and Bell (2001- Pers Com. ) stated that the donkey foot can withstand the DP 
displacement more readily than rotational events. This is in marked contrast to the response 
reported in the equine foot by Baxter (1986), Linford (1990,1996), and Cripps and Eustace 
(I 999b). 
Effective therapeutic management of the chronic laminitic donkey is further complicated by the 
fact that considerable variation exists between individuals in the clinical response to tile 
condition. Whilst some individuals display minimal signs of overt lameness and pain, others 
encounter repeated bouts of 'acute' pain and severe lameness (Bell 2000 - Pers Com. ). Indeed 
Hunt (1993) highlighted the present inability to predict the clinical course of the condition with 
certainty in the wider equid population, due to the lack of 'useful' prognostic indicators. 
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1.11.3 CLASSIFICATION OF LAMINITIS 
The broad spectrum of clinical presentation of the laminitic equid necessitates a reliable 
classification system for the condition (Morgan et aL 1999). However despite this fact, a 
universally accepted system has not yet been achieved. Progress towards this end has been 
hampered both by fundamental differences of approach, and the inconsistent application of 
terminology. 
Various systems have been proposed to provide an effective basis for classification. These have 
included systems based upon aetiology, clinical presentation, clinical pathology, and/or 
progression of the condition. A comprehensive critique of these different classification systems 
is given in Appendix 11. 
Table 1.4 highlights the fact that an effective and fully comprehensive mode of classification for 
the laminitic condition is yet to be achieved, and also draws specific attention to the inconsistent 
use of terminology between systems. This represents an unsatisfactory state of affairs. An 
effective classification system for the laminitic condition represents a key research priority if 
I. mprovements in the management of the affected animal are ultimately to be achieved, and the 
welfare of the laminitic animal improved. Appropriate diagnostic and prognostic criteria must 
be considered. Hence classification must reflect the anatomic or pathologic alterations within 
the foot, and the biornechanical consequences of these alterations. Assessment of impaired 
biomechanical function by indirect methods alone is of questionable value. 
The degree of functional compromise evident within the foot is likely to be determined by the 
occurrence, nature and extent of DP dislocation, and the attendant digital pathologies that arise 
as a consequence of digital collapse. These issues are considered in Section 1.11.4. 
An effective classification system for the laminitic condition also requires standardised 
terminology. The terminology adopted must then be consistently used in related research. 
Definitions must be unambiguous, and limit the possibility for confusion within the wider 
community. 
I lence the convention adopted in this thesis is in accordance with Marks (1984). The terms 
acute and chronic are used to signify, respectively, the absence or presence of DP dislocation 
within the affected foot. This system is preferred as it reflects the irreversible nature of 
anatomical changes within the foot, and reflects the significant biomechanical implications of 
this degenerative event. In addition, the terms DP displacement, and DP rotation are used to 
sign ify the nature of the DP dislocation event. These are used in preference to 'sinker' and 
'fourider' respectively. This avoids confusion relating to the colloquial usage of these terms and 
their inconsistent application evident throughout the scientific literature. 
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In addition, the terms phalangeal, capsular and combined rotation are used to further detail the 
specific nature of the rotational dislocation of the DP. With the adoption of this terminology, the 
impact of the laminitic condition upon the affected foot can be accurately and unambiguously 
described. 
1.11.4 SEVERITY AND PROGNOSIS OF THE LAMINITIC CONDITION 
Little is known as to the precise factors that govern the severity of the laminitic condition, or 
which determine prognosis in the affected animal (Hunt 1993). However it may be argued that 
the lameness severity and likely recovery outcome are both influenced by the degree of 
biomechanical compromise to the affected foot. Given the fact that the biornechanical 
functioning of the foot is reliant upon the smooth and painless transfer of force across the SADP 
(Reilly et al. 1996), then the degree to which the SADP is damaged may be of particular 
biomechanical significance. In fact Pollitt and Daradka (1998) and (Pollitt 2002 - Pers Com. ) 
reported a positive correlation between the degree of degenerative change within the laminar 
interface, and the Obel lameness score in the afflicted animal. 
'I'he extent of the compromise within the SADP also dictates progression into the chronic phase 
ofthe condition (Pellmann 1995, Pellmann et al. 1997). In addition, it directly affects the nature 
and extent of the resultant dislocation of the DP (Linford 1990, Butler et al. 1998), and also 
contributes towards the occurrence of roentgenic change to the DP (Hood 1999a, Herriker and 
I lertsch 2002). 
'I'hus, the severity of the laminitic condition may display a direct, though not causal, relationship 
with either DP dislocation and/or roentgenic change to the DP. Hence the assessment of the 
affected foot in respect of these specific pathologies, may serve as an effective means of 
severity assessment and prognosis. If a direct relationship is demonstrated, it would represent an 
important criterion for the classification of the laminitic condition, as this would reflect the 
degree of biomechanical impairment. In addition, it would enable the classification of the 
larninitic condition to be placed on an objective basis. 
As the hoof capsules surrounds the internal structures of the foot, 'in vivo' assessment of the 
anatomical organisation and morphological characteristics of these internal structure, can only 
be achieved with the aid of remote imaging techniques (Butler et al. 1998). One such imaging 
technique that has the ability to discern both the osseous and exosseous structures of the foot, 
and reveal their anatomical inter-relationship is radiography using x-rays (x-rays). 
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1.11.5 RADIOGRAPHY (X-RAYS) AND LAMINITIS 
X-rays have been extensively employed to aid the clinician to: - 
Suggest, confirm, or refute a diagnosis 
Give information on progression and severity of a condition and hence aid prognosis 
Add information regarding size, shape, position and duration of a lesion 
1.11.5.1 LATERAL RADIOGRAPHS 
The lateral radiograph (lateromed'al projection) represents the 'gold standard' for the 
assessment of degenerative change within the foot associated with the lam1mt1c condition 
(Collins and Reilly 2004b - Submitted). It enables the v1sualisation and anatomical assessment 
of the dorsal and palmar surfaces of the phalanges of the distal limb, and the DIP and PIP joints 
(O'Brien and Baker 1986, McNeel 1986). In addition, the relationship between tile DP and tile 
exosseous tissues of the foot, including the hoof wall, may be evaluated (Collesl983). Hence 
pastern and hoof pastern axes can be determined, DP dislocation events detected, and quantified 
(Herthel and Hood 1999), and roentgenic change recorded (Linford 1987). On this basis, 
Kameya (1973) and Chandra et al. (1982) argued that the lateral radiographic projection was 
ideally suited for the diagnostic assessment of the laminitic condition. 
However in order to recognise and interpret pathological change within the foot, a priori 
knowledge of the normal radiographic appearance is required (Linford 1987, l, inford et (11. 
1993). In this respect, Colles (1983) and Butler et al. (1998) referred to a theoretical 'ideal 
radiographic conformation' for the equine foot. This 'ideal' was defined in tile lateral 
radiograph by: - 
" Vertical alignment of the centre of radius of curvature of the DIP midway along solar 
bearing surface of the foot. 
" Parallelism between the dorsal aspect of the DP and the dorsal aspect of the hoofwall. 
" Slight palmar inclination to the solear margin of the DP. 
" Hoof wall of constant dorso-palmar depth and radiodensity. 
" Dorsal aspect of the hoof wall being smooth and without ridges. 
" Absence of radiolucent bodies within the hoof wall and dermis. 
" Dorsal aspect of the DP exhibiting smooth linear profile distal of the extensor process 
and free of margination effects. 
" Junction of the dorsal and solear margins of the DP forming a sharp acute angle. 
Butler el al. (1998) concluded that the primary radiographic sign of degenerative change 
associated with the lammitic condition was related to the dislocation of the DP. Morgan (1972), 
Colles and Jeffcott (1977), Chandra el al. (1982) and (Stick et al. 1982) stated that angulation of 
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the DP relative to the dorsal aspect of the hoof wall confirmed the diagnosis of laminitis. 
liowever Morgan (1972) and Gillette et al. (1977) argued that capsular rotation in not 
recognised visually until an advanced stage of SADP separation. 
Although marked changes within the foot are readily discernible, modest changes pose a 
diagnostic challenge by subjective assessment alone (O'Brien and Baker 1986, Hood et al. 
1993b, I food 1999a, and Collins and Reilly 2004a - Submitted). Indeed subjective radiographic 
assessment failed to detect this distal displacement in 75% of cases reviewed (Baxter 1986). 
O'Brien and Baker (1986) stated that an effective means of confirming a diagnosis in the 
absence of significant capsular rotation has not been well defined. This is of particular 
significance with regard to animals in which DP displacement predominates. In these instances 
parallelism between dorsal aspect of the hoof wall and the dorsal aspect of the DP is maintained 
(Baxter 1994, Butler el al. 1998). This issue still remains largely unresolved, despite the 
suggested severity of this form of dislocation (Chapman and Platt 1984). 
1 food et al. (I 993b) and (Hood 1999a) also highlighted the significant variation that can occur 
in clinical presentation of affected foot, as a consequence of attendant digital pathology. This 
variation poses a particular diagnostic and prognostic challenge (Stick et al. 1982, Morgan el al. 
1999). 
1.11.5.2 RADIOGRAPIIICMORPHOMETRICS 
Various studies, most notably Kameya (1973), Linford (1987), Eustace (1991,1992) Cripps and 
Fustace (1999a, b) and Herriker (2001), have sought to address the issues discussed in the 
previous section, by using objective measurements of key radiographic parameters that define 
the osscous and exosseous inter-relationships within the foot. These morphometric studies of the 
lateral radiograph have attempted to define the key anatomical characteristics of the non-nal 
equine foot. Linear and angular measurements have been used to arrive at a series of direct and 
derived radiographic parameters. These parameters represent objective baseline data for the 
characterisation of the normal foot. This information serves as a baseline and pathological 
divergence from it can then be effectively assessed. In this way, the nature and extent of 
pathological change can be accurately determined and quantified. However progress has been 
limited in the absence of a standardised approach to parameter selection, and through the 
adoption of inconsistent and confusing terminology (Collins and Reilly 2004b - Submitted). 
The selection criterion for the adoption of these parameters is poorly defined, and warrants a 
detailed review. This is covered in Chapter 3 of this thesis. Table 1.5 summarises the key 
radiographic parameters adopted in these studies. 
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Kameya (1973) conducted the first reported radiographic morphometric study in the horse. He 
objectively characterised the normal anatomical organisation of the foot, and also evaluated the 
natUrc and extent of DP rotation associated with larninitic condition. This author defined the 
anatomical organisation of the osseous and exosseous structures of the foot using 7 parameters. 
This study measured the HPA and quantified both the degree of capsular and phalangeal 
rotation present in the normal foot. In addition, the integument depth was established at the 
dorsal Ii mit ofthe extensor process and at the apex of the DP, and the corresponding proximal to 
distal integument depth ratio. However no specific reference was made to the degree of DP 
displacement evident with the foot. The findings of this study indicated that the dorsal aspect of 
the D11 in the normal horse was in near parallel alignment with the hoof wall, with a mean 
capsular rotation angle of 0.48' ± 1.4, integument depth ratio of 0.92 ±0.06, and mean 
phalangeal rotation angle of 2.940 ±3.6. The anatomical organisation of the distal limb displayed 
a straight I IPA with a mean angle of 1.50. 
'Subsequent studies have sought to build upon the pioneering work of Karneya (1973), not only 
by rckning the ability to determine information regarding the nature and extent of DP rotation, 
but also to detect and quantify DP displacement. This has proved to be an area of conjecture 
witli different researchers proposing different measurement parameters. 
With regard to the laminitic condition, attention has been vanably directed towards relating 
radiographic morphometry to: - 
" Diagnosis of the condition ( Linford 1987, Linford et al. 1993, G16ckner 2002) 
" Prognosis ofthe condition (Stick et al. 1982, Cnpps and Eustace 1999a, b) 
" Treatment Outcome (GlOckner 2002) 
" Recovery outcome (Stick et al. 1982, Hernker 2001, Herriker and Hertsch 2002) 
" Lameness severity (Cripps and Fustace 1999b) 
This process of refinement and enhancement of Kameya's original study has inevitably 
increased tile number of measurement parameters. Indeed the work of Linford (1987) and 
Lin6ord el al. (1993) detailed over 25 morphometric parameters. This trend has resulted in the 
emergence of' a complex multi-factorial matrix of measurement data. This combined with the 
varied nature of the anatomical change and attendant secondary pathology associated with the 
larninitic condition makes clinical interpretation and assessment difficult. Consequently there 
has bcen a tendency to focus upon individual components of the anatomical reorganisation, for 
example Stick el al. (1982), rather than assessing the combined effect of total anatomical change 
evident within the foot. 
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The recent work of Cripps and Eustace (1999b) has made progress in this direction through the 
use of step-wise regression analysis techniques. However even this approach has been used to 
identify single parameters of perceived critical diagnostic and prognostic importance. 
As the foot represents a 3-dimensional organ (Reilly 1995) it is unlikely that any single 
anatomical parameter can effectively capture the key defining characteristics of the foot, or 
indeed accurately reflect the complexity of anatomical change associated with digital collapse 
(Collins el al. 2002). Hence there is a need to seek a means of encapsulating the combined 
inforination derived from key descriptors of the anatomy of the foot. Only then will it be 
possible to evaluate the full impact of the condition upon the foot (Collins et al. 2002). 
1.11.5.3 RADIOGRAPHY OF THE DONKEY FOOT 
In common with the general paucity of baseline veterinary information relating to the donkey 
there is little information regarding the normal radiographic anatomy of the foot (Bordalal and 
Nigam 1977). Hence fundamental issues such as the alignment of the HPA still remain largely 
unresolved (Reilly 1997). This situation poses a particular challenge specifically with regards to 
the laminitic condition. Not only is departure from normality central to diagnostic and 
prognostic evaluation of degenerative change (Colles and Jeffcott 1977, Colles 1983, Butler et 
al. 1998), but also it is instrumental in determining appropriate treatment modalities. 
In the absence of species specific information, there has been a tendency to apply an equine 
model to the donkey. This however has proved to be unsatisfactory. For example, the recent 
emergence of information regarding anatomical differences between the two species has shown 
that the use of heart bar shoes as a therapeutic rationale for the laminitic condition is 
contraindicated in the donkey (Reilly 1997). 
Commenting upon these issues, Walker et al. (1995) and Reilly (1997) stated there was an 
imperative need to address this situation, and establish baseline radiographic information for 
this species. In this way it will be possible to accurately degenerative change. 
However progress has been limited and restricted in the main to anecdotal comment and 
empirical observation. Nevertheless, a picture is emerging that suggests the presence of 
fundamental differences between the two species. This information not only questions the 
validity of applying an equine model, but also raises important issues of diagnostic and 
prognostic consequence relating to the laminitic condition in the donkey. 
Eley (2000) drew attention to the fundamental difference between the two species in the 
interrelationship that between osseous and exosseous structures in the normal foot. This author 
stated that the proximal limit of the extensor process of the DP is distad to the proximal margin 
of the dorsal aspect of the hoof wall, although this has not been objectively confirmed. This 
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apparent anatomical relationship is in marked contrast to horse, where they are in horizontal 
alignment. This apparent 'between species' difference is of particular significance with regard 
to tile laminitic condition. This is because the relative position of these anatomical reference 
points is in the horse used as a diagnostic indicator of digital collapse within the foot. 
Lateral radiographs of the laminitic donkey foot have been published previously by Walker et 
al. (1995), Reilly (1997) and Eley (1998). These have been used to illustrate the specific nature 
ofthe DI) dislocation that can occur following digital collapse in this species. In particular, Eley 
( 1998) published three lateral radiographs that where stated as illustrating the occurrence of DP 
Nsplaceinent, I)P Rotation, and combined rotation and displacement events as a sequelae of 
digital collapse in the donkey foot. 
I -Iley ( 1998) also presented visual information regarding the shape and radiographic morphology 
ofthe DP, describing it as being of "normal appearance". The shape of the DP was similar to 
that previously described by Walker et al. (1995) as being "blunted". This blunted appearance 
difilers 1roni tile theoretical 'ideal radiographic appearance' of the equine DP detailed in 1.11.5.1 
1.11.5.1. In fact, the profile of the donkey DP was similar to that illustrated, and described, by 
Linf'ord C1 al. (1993) as displaying roentogenic change specifically associated with the onset of 
chronic larninitis in the horse. Walker et al. (1995) was unable to confirm whether this 'blunted' 
appearance represented a true anatomical difference between the two species, or if it was 
likewise, indicative ofroentgenic change associated with laminitis. 
Commenting upon the prognostic significance of radiographic evidence in the donkey, Eley and 
French (1993a) and E. 1ey (1998) stated that the degree of DP rotation, and DP degeneration and 
remodelling was of' greater prognostic value than the extent of DP Displacement. Empirical 
cvidcncc (Crane 1999 - Pers Com., Bell 2000 - Pers Com. ) would appear to support the 
assertions ofthesc authors. These accounts further question the appropriateness of applying the 
equine model of the laminitic condition, in which DP displacement is of primary prognostic 
significance (Baxter 1996, Fustace 1991, Cripps and Eustace 1999b), to the donkey. 
Thcre is a clear need to resolve the issues regarding the normal radiographic anatomy of the 
donkey foot, and also to further elucidate the effect of laminitic condition in the donkey. Indeed, 
Walker el al. (1995) concluded that additional radiographic studies need to be conducted and 
related both to -gross anatomical and histological" findings in order to address these issues. 
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1.12 THESIS RATIONAL 
The review of the literature detailed within this chapter of the thesis has highlighted the fact that 
the larrunitic condition threatens all Equidae (Akerblom 1934) but poses a particular risk to the 
domestic donkey living in temperate climates (Trawford 1998 - Pers Com. ). The progression of 
the condition may ultimately lead to the humane destruction of the afflicted animal on the 
grounds of unremitting lameness. Despite these facts, there is a lack of information regarding 
the effects of this condition in the donkey (Mostafa 1986). This has led to the unsatisfactory 
adoption of an equine model for the diagnosis, prognosis and treatment modalities, irrespective 
of significant anatomical and physiological differences that exist between these two distinct 
equid species (Collins et al. 2002). 
Laminitis is a condition of multifactorial origin that becomes manifest at the level of the foot. It 
results in acute and/or chronic digital lameness (Hunt 1993, Reilly et al. 1998b). The condition 
induces vascular disturbances (Hood 1997a), ischaernia, reperfusion injury, and/or tissue 
damage (Pollit 1998a, 2001,2002). The stoical nature of the donkey and the absence of overt 
signs of pain compound this situation further. Consequently the laminitic condition is often not 
detected until an advanced stage of degenerative change (Trawford 1999 - Pers Com. ). 
Given these 'species specific' differences, and also the significant threat posed by the condition 
to the UK donkey population, there is a specific need to further investigate the impact of the 
laminitic condition in the donkey. The specific welfare issues related to this debilitating 
condition provides the raison dWre for this thesis. 
Degenerative changes associated with the progression of the condition threaten the structural 
integrity of the SADP (Pollitt 1990a, b, 2001) that serves to unite the integument and the DP into 
an integrated functional unit (Pellmann 1995). Failure of this structure leads to irreversible, 
degenerative anatomical change within the foot. This event precipitates secondary, attendant 
digital pathologies (Herthel and Hood 1999). These changes further contribute to the pain and 
lameness associated with the condition. In fact, the chronic pain associated with the condition is 
linked to the degenerative changes induced within the foot. However there is a wide range of 
clinical presentations in the afflicted animal (Morgan et al. 1999), ranging from intermittent 
low-grade digital lameness to persistent severe lameness that necessitates euthanasia. It has been 
suggested that the degree of lameness and the severity of the condition is related to the specific 
nature and extent of these digital pathologies. 
Effective management of the afflicted animal is therefore dependent upon early diagnosis of 
modest degenerative change (Collins and Reilly 2004b - Submitted), and an implicit 
understanding of the prognostic significance of these changes. 
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The early detection of degenerative change is reliant upon the a priori knowledge of normality 
(Cripps and Eustace 1999a). This knowledge is however lacking for the donkey, as indeed is 
information relating to the nature of the degenerative changes associated with the laminitic 
condition. The lateral radiograph represents the gold standard for the assessment of the anatomy 
ofthe equid Foot (Tachio et al. 2002, Collins and Reilly 2004b - Submitted). Chapter 3 of this 
fliesis specifically aims to address these issues, and achieve objective baseline data for the 
radiographic anatomy of the donkey foot. In addition the nature and extent of the degenerative 
associated with the laminitic condition will be objectively evaluated. 
In spite of the functional significance of the hoof capsule, relatively little is known as to the 
precise e rilects or the condition upon the epidermal tissues of the foot. Historically, research into 
equine larninitis has focussed predominantly upon the pronounced pathophysiologic effects 
within the dermal tissues of the foot, and the digital circulation (Reilly et al. 1998b). These have 
been extensively reported including Coffman et al. (1970b), Ackerman et al. (1975), Hood 
(1984), Ilood et al. (1994), Pollitt (1990b, 1998b), Weiss el al. (1994.1996,1997), Weiss 
(1997), Illnekley et c1l. (1996), Bailey (1998), and Bailey and Elliott (1998). More recently, 
important changes within the BM, that separates the dermis from the epidermis, have also been 
documented (Pollitt 1996,1998b, 2001, Johnson el al. 1998,2000). 
An intimate relationship exists within the tissues comprising the integument. Indeed the 
avascular hoot' capsule is totally reliant upon the dennis and its associated blood supply to 
support hoofhorn production. Controlled and co-ordinated hoof hom growth is mediated by the 
Nasernent membrane (Pollitt 2002 - Pers Com. ). In addition, the structural Organisation of the 
hoof' horn material is dependent both upon the topographical modification of the dermis 
(Pcllmann et al. 1993, Bragulla 2003), and the integrity of the BM (Pollitt 2002 - Pers Com. ). 
I lence the pathophysiologic events detailed in the dermis, the digital circulation and the BM 
have the potential to impact upon the epidermal tissues of the foot. Although pathological 
changes in gross anatomical of capsular shape are well documented in associated with the 
larninitic condition, little is known as to the effects elsewhere within the design hierarchy 
(Collins el al. 2002). Indeed the effects upon the hoof horn material and its structural 
organisation at either the macroscopic and microscopic level have not been fully investigated 
(Iýeilly el al. 1998b). 
Disniption to the digital blood supply may also results in the dermis no longer being able to 
stipport 'normal' horn production, leading to 'abnormal' horn formation (Obel 1948, Hendry et 
al. 1997,1998). Changes to anatomical configuration of the dermis, and the loss of functional 
integrity within the 13M may also adversely affect the structural Organisation of the hoof at the 
macroscopic and microscopic level of the design hierarchy. Isolated descriptive accounts by 
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Mostafa (1986), Said et al. (1992) and Nakada el al. (1992) have inade refereilce to 'structural 
irregularities' within the SM of the laminitic equine hoof. More recently, Collins et al. (2002) 
(2003) have provided evidence of changes in structure, within the SM of laminitic donkey hoof 
horn. However these changes have not been objectively assessed. Chapter 4 of this thesis seeks 
to achieve a morphometric characterisation of the structural organisation of the SM of the 
laminitic donkey hoof wall. 
Given the intimate structure-function relationship that exists with biology, changes to the hoof 
horn material and its structural organisation, and hydration levels, will directly lead to changes 
in the material properties of the hoof. Whilst it generally accepted that laminitis results in the 
production of poor quality hoof hom, the effect of the condition upon the material properties of 
the hoof has not been evaluated. Chapter 5 of this thesis addresses this issue. Changes to the 
hydration status of the hoof wall in association with the laminitic condition have been inferred 
(Goetz 1987). However hydration levels with laminitic equid hoof horn have not been reported. 
Consequently little is known as to the effects of pathological change on the hydration status of 
the hoof (Collins et al. 1998, Hopegood 2002). However, it is widely documented that 
pathological conditions of human Stratum corneum are associated with changes in hydration 
levels (Takenouchi et al. 1986, Imokawa et al. 1991, Gniadecka. et al. 1998). Chapter 5 of this 
thesis also focussed upon the issue of hydration levels within laminitic donkey hoof horn. 
The collective changes that occur within the foot are considered to impair the normal 
biomechanical functioning (Reilly et al. 1998b) and prevent the integument and the DP acting 
as an integrated functional unit. This is of particular significance given the importance of this 
locomotor organ (Herthel and Hood 1999). Changes in the hoof s material properties, which are 
investigated in Chapter 6, coupled with changes in gross anatomical shape, may adversely affect 
normal hoof function, and its response to loading in particular. This may prevent the hoof from 
achieving smooth and painless force transfer within the foot and hence lead to the development 
of digital lameness within the afflicted animal. In order to evaluate the potential biomecbanical 
effects of laminitic change within the hoof, an effective means of modelling is required. The 
penultimate chapter of this thesis focuses on the use of computer modelling to assess hoof wall 
function. These issues are of particular practical significance. This is because the development 
of effective treatment modalities can only be successfully achieved through a thorough 
knowledge of the likely functional consequences of degenerative change. 
The precise effects of laminitis upon the design hierarchy of the hoof wall and its hydration 
status are not fully understood, nor indeed are the functional consequences of degenerative 
changes. The final chapter of the thesis examines the interactions between degenerative 
anatomical change, hoof structure, hydration levels, and material properties. 
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Given the functional significance of the hoof in the unguligrade stance, the hoof provides a 
valuable means of further investigating the debilitating effects of the condition. This represents 
an important new area of hoof research. Hoof research has however suffered as a consequence 
ofadopting a less than scientific approach (May 1989, Reilly 1995), Traditionally hoof research 
has relied upon subjective and crude methods of assessment (Reilly 1995). These have lacked 
appropriate i1gor and gravitas, and have not adhered to the guiding principles of the scientific 
method (Slater ef al. 1995, Slater and Hood 1997). 
In order to advance our current knowledge and understanding of the laminitic condition, there is 
a need to effectively elucidate the structure- function relationships within the hoof. This requires 
a new approach to the subject (Reilly 1995). This necessitates the application of objective 
methods ofassessment. New measurement protocols must therefore be established that enables 
an objective materials characterisation of laminitic hoof horn. Achieving this aim however 
poses a particular intellectual challenge (Reilly 1995). 
As hoof function is determined by a complex interaction of structural and material parameters 
(BragUlla el al. 1992, Reilly et al. 1996), the use of material testing and hoof modelling 
techniques are required, to provide new insight, and understanding, of the structure-function 
relationships in the hoof (Newlyn el al. 1998). 
In this way, fundamental issues relating to the laminitic condition in the donkey can be 
addressed (Reilly et al. 1998b, Collins et al. 2002). These include: - 
" Identification and measurement of the specific hoof horn parameters affected by 
laminitis 
" Improved knowledge of the progression of the condition at the level of the hoof 
" F, nhanced awareness of the functional consequences of these changes 
" Developed understanding of individual variation in response to the nature and/or extent 
of'the digital collapse 
Progress in these areas will ultimately lead to the emergence of an appropriate model for this 
debilitating condition that is specific to this unique and often neglected equid species. 
This can ]cad to developments in: - 
Diagnostic markers for the laminitic condition 
Rapid screening methods as an adjunct to clinical radiography 
Cost effective lammitic monitoring of large donkey populations 
Reliable prognostic assessment 
Prediction and prevention of serious lameness 
ldciitification ofcondition predisposition 
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Indeed by developing an accurate understanding of the functional consequences of this 
condition, better management regimes and therapeutic strategies can be designed, and 
objectively evaluated, to the benefit of donkey welfare (Collins et al. 2002). 
1.13 AIMS 
The principle aim of this project was to investigate the effects of the laminitic condition on 
donkey hoof wall through the adoption of a novel multidisciplinary, material science approach. 
The specific aims of this approach were: - 
To determine, radiographically, the nature and extent of the anatomical change within 
the foot associated with the laminitic condition 
" To objectively characterise the structural organisation of laminitic donkey hoof horn 
within the hoof wall 
" To evaluate the hydration characteristics of laminitic donkey hoof horn 
" To establish the material properties of laminitic hoof wall hom in terms of resistance to 
deformation, and energy absorption. 
" To assess the structure-function relationships acting at the gross anatomical, 
macroscopic and microscopic levels of the design hierarchy of the hoof wall 
" To relate these findings to the anatomical organisation of the laminitic donkey foot 
in this way to conduct a comprehensive: 
"materials characterisation of laminitic donkey hoof horn" 
The guiding principles of this approach were presented at the 3 rd International Colloquium of 
the Working Equid, and are surnmarised in Trawford. (1998) - see Appendix VII. 
In the manner outlined above, this project aimed to explore differences, and associations, related 
to the laminitic condition, and confin-n these relationships by departure from the null hypothesis' 
In particular, to statistically assess: - 
Differences between the radiographic morphometry of the normal and laminitic donkey 
foot. 
" Differences in the nature of the anatomical changes within the foot of the laminitic 
donkey. 
" Relationships between the morphometric characteristics of the hoof wall, and the 
radiographic anatomy of the laminitic foot. 
" Relationships between the hydration characteristics of the hoof wall and the 
radiographic anatomy of the laminitic foot. 
" Relationships between material properties of the hoof wall and radiographic anatomy of 
the laminitic foot. 
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9 Relationships between either the morphometric or hydration characteristics of the hoof 
wall and its material properties. 
0 Di flerences between modelled function of the laminitic and normal donkey hoof wall. 
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2. GENERAL MATERIALS AND METHODS 
2.1 PROJECT OVERVIEW 
The preparatory phase of project sought to devise, develop, and optimise appropriate 
experimental techniques that would allow accurate and reliable means of objective assessment. 
The specific aims of this critical phase of the project were: - 
To establish effective methods for material sampling and specimen preparation from 
this highly friable and pathologically altered material 
To commission a computer based image analysis system capable of measuring defined 
'feature' and 'field' specific hoof horn parameters 
To establish computer modelling techniques capable of assessing structure- function 
interactions 
With the preparatory phase of the project completed the experimental phase could be planned. 
The specific alms of the phase of the project were: - 
To identify animals of known laminitic history for preliminary hoof wall assessment 
To establish, on the basis of detailed medical histories, a trial donkey population, 
comprising trials groups of clinically normal and laminitic donkeys, maintained under 
standardised environmental, housing, management and farriery regimes 
To identify key radiographic and hoof hom parameters for subsequent evaluation 
To formulate a standardised methodology for the productIon of lateral radlographs of 
the foot 
0 To devise modified methods to enable hoof wall morphometry, mechanical testing, and 
moisture sample blocks to be derived from the same hoof capsule 
To devise appropriate operating procedures for the quantification of these defined 
parameters to include: 
- The morphological and morphometric characteristics of structure 
- The material properties of the laminitic donkey hoof wall 
The experimental phase of this project involved two distinct stages, the preliminary, and the 
main experimental stage. In the preliminary experimental stage, an initial morphological and 
morphometric assessments, and material property analyses of the laminitic donkey hoof wall 
was conducted. The data from the preliminary stage of the experimental phase of the project 
was used to develop a computer-based model of the donkey hoof wall. With this successfully 
achieved the main experimental stage of the project could be initiated. 
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In the final analytical stage of the project results derived in this investigation were compared 
with previously published data for normal donkey and horse hoof horn. In addition, potential 
strUcture-function relationships within the laminitic hoof wall were investigated with the aid of 
computer modelling techniques. 
2.2 INTRODUCTION 
In order to achieve a materials characterisation of laminitic donkey hoof horn, there is a need to 
develop new methods of assessing the structure-function relationships of hoof horn (Reilly et al. 
1998b). This however requires the prior characterisation of structure, and the assessment of 
functional capabilities. 
The assessment of structure at the microscopic level, by histological appraisal, forms an 
important part in the study of tissue structure (Reid 1980). In addition this author argued that 
quantitative morphology was essential for the elucidation of structural and functional changes 
produced by disease. However histology is one of the last branches of scientific study to 
consistently adopt quantitative assessment methods. Effective protocols therefore need to be 
established which enable the objective characterisation of structure (Reilly et al. 1998b). 
The application of stereometric techniques to biological materials can provide the opportunity to 
define structure in quantitative terms, at various levels within the hierarchy of cellular 
organisation (Weibel 1979). Hence sterometric techniques enable the assessment of pathological 
Structural change to be placed on an appropriate quantitative basis (Reid 1980). 
The successful application of stercometric techniques is reliant upon the development of 
el'Ilective sampling techniques (Reid 1980) and measurement procedures (Weibel 1979). 
Achieving these prerequisites in respect of laminitic hoof horn poses a particular challenge. 
Firstly, laminitic hoofhom is highly friable and inherently difficult to work (Budras et al. 1989, 
Frohnes anti Budras 2001, Budras et al. 2002). Hence specific methods are required that enable 
specimen blocks and histology sections to be successfully prepared from this pathologically 
altered hoof' horn material. Secondly, to be able to objectively characterise the structural 
organisation ofhoof horn material, effective imaging methods need to be established. Finally, 
ef6ectivc measurement itself is dependent upon the a priori identification of appropriate hoof 
horn parameters offunctional significance. 
This chapter deals specifically with the development of methodologies relating to the key 
objectives ofthe preparatory stage of this project, that is: - 
" Material sampling, specimen block production, and preparation of histology sections 
" l,, stablisliment ofa computer based image analysis system (lAS) 
" Formulation of'procedures for reliable measurement of hoof horn parameters 
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In addition, general methodologies relating to the sampling protocols employed during the 
experimental phase of the project are detailed. The specific issues relating to radiographic and 
morphometric parameter selection are considered in Chapter 3 and 4 respectively, whilst the 
detailed methods relating to material testing are presented in Chapter 5, and computer modelling 
techniques in Chapter 6. 
2.3 MATERIAL SAMPLING 
The structural organisation of the hoof wall is dependent upon anatomical location within hoof' 
capsule (Tscherne 1910, Nickel 1938a, 1949, Douglas 1998). Hence it is essential that sampling 
is standardised at a consistent, and accurately defined, anatomical location within the hoof 
capsule. In this way, differences in structural organisation arising from sample location can be 
controlled. 
2.3.1 HOOF HORN SAMPLING 
Hoof horn assessment has been variably perforined upon hoof clippings (e. g. Hofstetter 1985, 
Zenker el al. 1995, Ley et al. 1998 and Hopegood 2002), hoof biopsies (e. g. Mostafa 1986, 
Linford 1987, and Ott and Johnson 2001) and morbid hoof samples (e. g. Tscheme 1910, Kasapi 
1997 and Reilly 200 1). 
Distal hoof clippings, obtained as part of the normal management of the equid, provide a readily 
available, non-invasive and continuous source of hoof horn material. Their use In hoof horn 
research is, however, highly questionable. This is because material at the BB may be 
mechanically compromised, as a direct consequence of environmental degradation (Albarano 
1993, Budras et al. 1998a). 
This may occur either as part of a normal process in which wear and growth are kept in optimal 
balance (Budras and Schiel 1996), or as direct consequences of environmental contamination 
(Kfing et al. 1991,1993) and/or microbial degradation (Budras et al. 1998a) associated with 
husbandry practices. 
The effects of these processes are not fully understood, however Bragulla (1993 - Pers Com. ) 
refers to the process of "verdammern" or 'tubule fade out', in which degradation of tile hoof 
hom results in the loss of cortical cell adhesion. This process leads to the progressive loss of 
structural organisation at the BB. In addition, Bertram and Gosline (1986), Geyer and Schultz 
(1994) and Hinterhoffer et al. (1998) have reported significant differences in the mechanical 
properties of distal clippings compared with material obtained from proximal sites. 
Hopegood (2002) also commented upon the fact that capsular 'roll over', which occurs during 
the break over phase of the locomotor stride, can result in localised abrasion at the dorso-distal 
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margin of hoof wall. This can result in the loss of outer hoof wall material. Thus distal clipping 
material may only represent partial hoof wall depth. The normal process of controlled 
elimination of hoof wall material from the BB (Reilly el al. 1996, Budras and Schiel 1996) may 
also prevent the collection of full HWD samples. 
Doubts therefore exist as to the representative nature of hoof hom material obtained from distal 
clippings. In addition, it is inherently difficult to discriminate between the effects of 
pathological change and environmental degradation on hoof hom material obtained in this 
manner. Finally the amount of material that can be obtained from distal clippings is limited, and 
therefore places restrictions upon subsequent methods of hoof assessment. Hence it was decided 
to use material in this project that was obtained from proximally located sampling sites, in 
which the effects of environmental degradation upon structure and material properties, are 
expected to be more limited. 
Mostal'a (1986), Linford (1987) and Ott and Johnson (2001) have used hoof biopsy techniques 
to overcome the inherent problems associated with distal clipping material. 
I lowcvcr, these techniques may cause inducement of pain in the animal, and therefore can not 
be condoned on ethical and welfare grounds. In addition, the functional consequences to the 
animal resulting from the removal of hoof horn material are not understood. 
The use of morbid hoof specimens obtained from either from those animals euthanased on 
medical grounds, or from slaughterhouse populations provide ethically acceptable sources from 
which non-en vi ron mentally degraded material can be readily obtained from proximally located 
sampling sites. Whilst samples from these animals tend to be biased in terms of their age and 
disease status, these issues are of minor consideration to this thesis, given the specific objective 
of' perflorming a materials characterisation of laminitic hoof horn. In fact, these populations 
represent an invaluable and unrivalled source of laminitic hoof horn material. 
I leiice it was decided to base this study upon material obtained from morbid hoof capsules from 
anirrials cuthanased on medical grounds, from the donkey population managed by The Donkey 
SanctUary. Sourcing material in this way also assisted in the control of potential environmental 
flictors, as animals at The Donkey Sanctuary are maintained under standardised management 
conditions. In addition, the medical histories of all animals are well documented, and thereby 
provide valuable inl'ormation regarding concurrent disease status, and previous disorders of the 
fect. 
2.3.2 THE MIDLINE DEAD CENTRE SAMPLING SITE 
Hie sampling site chosen for assessment in this thesis was the midline dead centre site (MDQ 
described by Reilly ef al. (1996). 
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Figure 2.1 Diagrammatic representation of the solear aspect of the donkey hoof to show 
the reference points used to determine the plane of the Midline Dead Centre (MDC). 
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The MDC was selected because it offers several distinct advantages over other potential 
sampling locations within the hoof capsule. Primarily, it is one of the few sites that can be 
defined with accuracy, and is relatively easy to locate. It is therefore readily reproduced 
'between individual samples'. Thus it ensures desired 'within sampling' consistency. In 
addition, the site affords the opportunity to achieve repeatability between studies. Hence the 
MDC site represents the ideal basis for future comparison. 
The MDC site also offers the means by which the structural organisation of the hoof wall and 
white line can be accurately assessed. Accurate and consistent sample orientation is essential for 
effective morphometric analysis (Weibel 1979). With respect to the hoof wall, it is assumed that 
the tubules at the MDC are in a parallel array, and aligned in a proximo-distal direction 
(Greenough et al. 1981) perpendicular to the CB (Thomason et al. 1992). This particular 
structural arrangement enables accurate tubule sectioning, orthogonal to the longitudinal axis of 
the hom tubule. Orthogonal sectioning of the hom tubules facilitates determination of the 
transverse profile, and also the measurement of absolute linear and area parameters. In this 
regard, departure from the orthogonal sectioning plane would result in the production of 'false' 
cross sectional profiles of the hom tubules (Hofstetter 1985), and an over estimation of major 
axes and area measurements. 
With regard to the laminitic condition, the MDC is also of particular relevance. Goetz (1987, 
1989) stated that the effects of the laminitic condition were focused upon the dorsal aspect of 
the hoof capsule, and that the impact upon integumentary organisation was most pronounced at 
this site. In addition, Hood et al. (1994) and Pollitt (1995) demonstrated that vascular disruption 
to the dermal microcirculation was most notable at the dorsal coronary band, laminar and solear 
regions of the hoof, along the line of the MDC. 
2.3.3 DEFINING THE PLANE OF THE MIDLINE DEAD CENTRE (MDC) 
WITHIN THE HOOF CAPSULE 
All morbid feet were disarticulated at the metacarpo-phalangeal fetlock joint. The position of 
the MDC (see Figure 2.1) was determined in accordance with the protocol described by 
(Hopegood 2001). This was achieved by extending the long axis of the frog, defi line ined as the 
of best fit that bisects the heel bulbs, frog sulcus and the collateral grooves (sulci), forward to 
the dorsal margin of the hoof capsule at the 1313. This point was marked with an indelible 
marker. A line drawn at right angles to the dorsal CB that united with this marker at the BB thus 
delimited the plane of the MDC. 
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2.3.4 PREPARATION OF THE MDC SAMPLING BLOCK 
This methodology serves to produce a complete sample block (see Figure 2.2A-D) that 
encompassed the entire dorsal aspect of the hoof, complete with the wall sole junction. This 
sample block is referred to as the MDC Sampling Block. 
The MDC was located and marked on the dorsal aspect of the hoof wall as outlined above. Two 
1xirallcl control lines were drawn on either side of the MDC (see Figure 2.2A), each 13mm from 
the line ofthe MDC. Thereby a 26mm wide specimen block, symmetrical about the plane of the 
Ml)('was delimited. Two proximo-distal cuts (Cut I and 2) were made with an oscillating bone 
s,,,, tw fitted with a 50mm mushroom blade, from the CB to the BB along these control lines. 
These cuts were made parallel to the plane of the MDC to the depth of the DP. The DP was 
readily detected by an increase in resistance to blade rotation. A final cut (Cut 3) was made on 
the solcar aspect ofthe hoof, likewise to the depth of the DP, uniting Cuts I and 2 (See Figure 
2.211). A long-bladed scalpel was used to separate the connective tissue from the dorsal aspect 
ot'tlie DP. An incision was made a few mm proximal to the CB and progressively worked down 
the dorsal aspect ofthe DP towards the BB. In this way it was then possible to excise the intact 
M DC Sampling Block from the hoof (see Figure 1.22C). 
2.3.5 OPTIMISED METHODOLOGY FOR MDC SAMPLING BLOCK 
PREPARATION 
With the subsequent acquisition of a bencb-mounted handsaw, the MDC Sampling Block 
I)rotocol was modified as follows: Instead of using the three-cut approach as detailed above, 
parasagittal Cuts were made, along each of the two respective control lines, through the entire 
dorso-painiar extent of the foot. This produced a sagittal section of the foot along the plane of 
tile MDC. This methodology, the sagittal approach, represented a significant timesaving 
optimisation over the previous three-cut approach. 
2.3.6 HOOF WALL SPECIMEN BLOCK PREPARATION FROM THE MDC 
SAMPLING BLOCK 
In order to account for between individual differences in absolute MDC Sampling Block 
heights, Hoof Wall Specimen Block preparation was conducted in terms of percentage Hoof 
Wall I lcight ('Y,, IIWI I). The inner aspect of the Hoof wall at the BB was defined as 0% HWH 
with tile palmar aspect ofthe hoof wall at the CB defined as 100% HWH. 
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Figure 2.2 Diagrammatic representation of MDC Sampling Block Preparation. 
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Hoof wall sampling was standardised at 50% HWH (see Figure 2.21), Figure 2.3). This site was 
selected in order to minimise the effects of environmental degradation distally, whilst also 
ensuring sampling was perforined distad to the keratagenous zone of the CB. In this way, 
sampling would be free of anatomical interference from the dermal papilla, and the material 
obtained would be composed of mature hoof hom material. The height of the MDC Sampling 
Block was measured in the sagittal plane from the palmar aspect of the BB to the CB. The 
midpoint marked on the palmar margin of the MDC Sampling Block. With the aid of a 
protractor, the position of the 50% HWH site was established (perpendicular to the tubule axes), 
and a dorso-palmar reference line marked across the entire HWD of the MDC Sampling Block. 
With the 50% HWH site established, all specimen block requirements could be accurately 
defined in a repeatable manner between individuals. 
A lomm high specimen block was prepared from the MDC Sampling Block with the aid ofa 
hacksaw fitted with a fine toothed blade. Parallel cuts were made 3mm proximal and 7mm distal 
of the 50% HWH control line, to produce the Hoof wall Specimen Block. 
This provided a Hoof Wall Specimen Block which had sufficient material, distad to the 50% 
HWH sampling site, to allow effective clamping within the microtome used to prepare sections 
for histology. There was also sufficient material proximad to the sectioning site, to provide 
protection against possible damage associated with the preparation of the specimen block. 
2.3.7 PREPARATION OF HOOF WALL HISTOLOGY SECTIONS 
Histological appraisal of the hoof wall was conducted on Hoof Wall Specimen Blocks obtained 
from the MDC Sampling Block at the 50% HWH site. Stereometric techniques aim to provide 
meaningful data on the quantitative balance, or relative fraction, of different cellular 
components within organs. These issues are discussed in detail in Chapter 4. It is therefore 
essential that the fine structure be preserved with as little change as possible arising from the 
tissue preparation processes (Budras et al. 2002). Tissue shrinkage due to fixation and 
embedding is a potential source of error (Reid 1980) that must be minimised. Commenting upon 
these issues, Budras et al. (2002) stated that effective methods of processing untreated ('fresh') 
hoof horn samples were desirable. Hence methodologies were developed that enabled hoof wall 
sections to be produced from untreated hoof horn material, without the need for tissue 
embedding and/or fixation. 
The untreated specimen blocks were sectioned using a sledge microtome fitted with a D-profile 
steel blade at a cutting angle of 10'. The specimen block was orientated such that sections were 
cut from the external hoof wall (0% HWD) diagonally towards the internal aspect of the hoof 
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wall (100% IIWD). The specimen block was initially trimmed at 20[im to produce a flat 
sectioning surface, devoid of any surface artefacts (e. g. saw blade marks). Subsequent sections 
were cut at I Oýtrn. Sections for histological assessment were collected from the 50% HWH site 
ol'thc specimen block. The sections were placed in distilled water, prior to staining, to prevent 
shrinkage and cellular damage resulting from ambient water loss. 
Sections were stained with Alcian Blue, Periodic Acid, Schiff Reagent (AB-PAS). The staining 
protocol is summarised below: 
All-PAS Staining Protocol 
" 2YO Alcian Blue in 3% Acetic acid (w/v) -5 min 
- Rinse with distilled water. 
" VVO Periodic Acid (w/v) -2 min 
- Rinse with distilled water. 
" Schiff Solution - 10 min 
- Rinse with distilled water. 
The A13-IIAS technique preferentially stains muco-polysaccarides associated with the cell 
margin ofthe corneocytc and the ICC (Bolliger 1991). Thereby enhancing the appearance of the 
structural organisation of the cellular components within the stained sections. This makes this 
staining technique ideal for preparing sections for the morphometric analysis of structure 
(I lol'stetter 1985). The gylcosaminoglycans (GAGs), that comprise the muco-polysaccarides, are 
a diverse series ot'sulfanated and non-sulfanated mucins (Ball 1999 - Pers Com. ). Hence a 2% 
Alcian Blue in YYO Acetic acid Alcian Blue formulation (pH of 2.5) was employed, as this 
represents a non-specific stain formulation for all GAGs. This provided optimal cellular 
dct'inition over that obtained by other potential Alcian Blue formulations, which are GAG 
specific (Collins - Pers Obs. ). 
Following staining, all sections were processed through a serial dehydration protocol, prior 
mounting with DPX. Specimens were not processed through normal cleansing and de-waxing 
procedures. This avoided aggressive dehydration and embrittlement of the hoof hom that can 
lead to specimen damage during the final stage of slide preparation (Collins - Per Obs. ). In this 
way, it was assumed that the histology technique was optimised, with sample shrinkage, and 
artcfact production, minimised. 
64 
Figure 2.3 Sagittal section of donkey foot to show hoof wall Sample Block reference points 
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As movement of the microscope stage is restricted to either of two orthogonal directions, 
accurate mounting was essential in order to ensure histological assessment is performed along 
the plane of the MDC. To achieve this, the microscope slide was prepared with two, 5mm 
reference lines marked perpendicular to the midpoint of the long sides. The stained section was 
aligned to these fiducial markers so that the plane of the MDC was in linear register with the 
reference lines, with the section positioned symmetrically about these markers 
2.3.8 PREPARATION OF MATERIAL TESING SPECIMEN BLOCKS 
Specimen blocks were obtained for preliminary material testing from MDC Sampling Blocks 
obtained from euthanased donkeys. The specific protocols employed to prepare the Material 
Testing Specimen Blocks are detailed in Chapter 5. 
2.3.9 COMBINED PROTOCOL FOR THE PREPARATION OF HOOF WALL 
MOISTURE, MORPHOMETRY, AND MATERIAL TESTING SPECIMEN 
BLOCKS 
A modified protocol was developed to enable hoof wall Moisture, Morphometry and Material 
Testing Specimen Blocks to be sourced from a single disarticulated hoof capsule. The locations 
of the respective sampling and specimen blocks are summarised diagrammatically in Figure 2.4 
and Figure 2.5 respectively. 
Hoof horn material for morphometric and material testing of the hoof wall was obtained from 
the MDC Sampling Block, whilst a Moisture Sampling Block was sourced from hoof material 
immediately subjacent to the MDC Sampling Block. The Moisture Sampling Block was used in 
a concurrent study perforined by this author to provide material for the investigation of hoof- 
water interactions, including the assessment of 'in vivo' hydration status (see Chapter 5). It was 
therefore essential to obtain the Moisture Sampling Block immediately following euthanasia of 
the animal. Hence it was imperative that the sampling protocol could be successfully conducted 
under field condition, and that the excised Moisture Sampling Block could be effectively 
protected against ambient moisture loss prior to assessment. 
The modified protocol involved a three-stage process: - 
1. Delimiting the MDC Sampling Bloc 
The MDC Sampling block was delimited in the manner described in Section 2.3.3and 2.3.4. In 
summary, the plane of the MDC was initialy determined from the solear aspect of the hoof 
capsule and its orientation marked on the dorsal aspect of the hoof wall. Two parallel control 
lines (I and 2) were constructed on the dorsal aspect of the hoof wall respectively 13mm lateral 
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and 13mm media] of the NIDC marker. In this way, the MDC Sampling Block was delimited on 
the dorsal aspect of the hoof capsule. 
2. Delimiting, the Moisture SaIppling Block 
With the MDC Sampling block delimited, a third parallel control line (3) was marked on the 
outer surface of the hoof wall 10mm medial of control line 2. Control lines 2 and 3 delimited the 
Moisture Sampling Block. 
3. Removal and. bermitic sealiniz of ftý_Molsture Samnlinm Block 
With the aid of an oscillating bonesaw, cuts were made along these respective control lines 
delimiting this sample block, to the depth of the DP. In a similar manner to that described in the 
three-cut approach for the removal of the MDC Sampling block (See Section 2.3.4), a final cut 
was made on the solear aspect of the hoof to unite these control lines 2 and 3. 
Finally, with the aid of a scalpel, working down along the dorsal aspect of the DP from the CB 
to the BB, the Moisture Sample Block was removed from the hoof capsule. The excised 
Moisture Sampling Block was immediately wrapped in three overlapping layers of Parafilm in 
accordance with the methodology advocated by Collins et al. (1998) and Hopegood (2002), to 
produce an airtight seal that minimised moisture loss. 
In tills way, excised and sealed Moisture Sample Blocks were obtained within 20 minutes of 
euthanasia. The disarticulated foot was similarly wrapped in Parafilm and stored at 40C prior to 
further sample processing. With the production of the sealed Moisture Sampling Block, full 
IIWD and Zonal Moisture Specimen Blocks could be prepared - see Figure 2.4. 
4. Preparation of floof Wall Material Testing and MgMhomeiry Sampling Blocks 
The MDC Sampling Block was obtained from the disarticulated foot using the optimised 
sagittai approach (Figure 2.5) as described in section 2.2.5. The 50% HWH sampling site was 
established on both sagittal aspects of the MDC sampling block in accordance with Section 
2.3.4, and the White Line removed (Figure 2.5, Cut 3). 
The remaining portion of the MDC sample block was bisected along the plane of the MDC 
(Figure 2.5 Cut 4) and Material Testing and Morphometry Specimen Blocks ultimately prepared 
about the 50% IIWII sampling site. 
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Figure 2.4 Diagrammatic representation of Moisture Specimen Block preparation. 
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Figure 2.5 Diagrammatic representation of Material Testing and Morphometry Sample 
Blocks preparation. 
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The specific procedures for the protocols for the production of the Full HWD and Zonal 
Material Testing Sample Blocks are detailed in Section 5.9.1.6. The Full HWD Material Testing 
Specimen Block was produced ftom the lateral portion of the bisected MDC Sampling Block, 
which constituted the Full HWD Material Testing Sampling Block. The Zonal Material Testing 
Specimen Block was prepared from the medial portion of the bisected MDC Sampling Block. A 
3mm wide proximo-distal strip was removed from the medial portion of the MDC Sampling 
Block (Figure 2.5 Cut 5), immediately adjacent to the plane of bisection, and the Zonal Material 
Testing Sampling Block removed. This was subsequently processed to produce the Zonal 
Material Testing Specimen Block. 
The Morphometry Specimen Block of -10mm proximo-distal height x -10mm medial lateral 
width, that spanned the entire HWD, was produced from the remaining medial portion of the 
MDC Sampling block (the Morphometry Sampling Block). This specimen block was centred at 
50% HWH as described in Section 2.3.6. Histology sections were produced as described in 
Section 2.3.7 and mounted with the lateral margin of the resultant stained section aligned with 
the reference markers on the microscope slide. 
2.4 IMAGE ANALYSIS 
The emerging science of stereology, and its associated measurement techniques, stereometry 
have, over the past 100 years, provided the theoretical means for the morphometric 
quantification of biological structures. These techniques have been extensively reviewed by 
Wiebel (1979), Reid (1980) and Russ (1992). 
Stereology is proving to be a necessary element In the Interdisciplinary research In biological 
material (Weibel 1979, Reid 1980). Stereometric techniques afford the potential to detect 
pathological change where subjective evaluation can detect nothing, and provide the means by 
which the degree of change imposed on tissues by pathological change may be quantified (Reid 
1980). Thus these techniques are of extreme value in elucidating structure-function 
relationships, and the assessment of functional impainnent. 
The practical application of stereometry to studies involving the large-scale assessments of 
histology sections have, however, been limited (Reid 1980). Traditionally such studies have 
relied upon manual measurements taken from either projected images or photomicrographs, 
with measurements being restricted to ratio quantification derived from point counting 
operations. Such work is very time-consuming, painstaking and laborious, requiring the services 
of several observers. In addition to the inherent costs involved in the studies, reliability issues, 
relating to repeatability and reproducibility of results, have emerged as major operational 
concerns (Wiebel 1979). The advent of computer and video technology has however made 
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quantification a realistic and practical option. Recent developments now provide a cost-effective 
alternative to manual based measurements systems. 
Computer based imaging has the potential to significantly improve the reliability of these 
studies (Moore 1988), and also significantly reduce procedural time in situations where 
photomicrographs were needed (Gatlin et al. 1993). These advances also make it possible to 
obtain absolute linear and area measurements. 
In addition, computer programming affords the opportunity to: - 
0 Automate many procedural operations (Wiebel 1979) 
0 Minitnise observer 'sampling bias' (Leach 1996) 
0 Enhance images prior to object discrimination and measurement (Russ 1992) 
In light of these distinct advantages, a highly flexible computer based IAS with the capabilities 
of delivering automated, or semi-automated, methods for the quantification of hoof horn 
parameters, was established. An overview of the system requirements, design theory, and the 
IAS established for this project is given in Appendix IV. 
2.5 MEASUREMENT PROTOCOLS 
With the availability of the dedicated IAS, standardised methodologies for the quantification of 
hoof' horn parameters at the microscopic level could be developed. These are described in 
Chapters 4. 
2.6 PRELIMINARY STAGE OF THE EXPERIMENTAL PHASE OF THESIS 
With the sampling, sectioning and measurement techniques optimised, the preliminary 
experimental stage of the thesis could be Initiated. The preliminary assessments were conducted 
on morbid hoof capsules harvested from donkeys that had been euthanased on medical grounds, 
with hoof horn material sourced from the left forefoot. 
An animal was considered to be suitable for inclusion in these preliminary studies if the 
individual's medical history indicated a long-standing laminitic condition in the left forefoot 
(>12 months). In this way, it was assumed that the entire hoof capsule was composed of 
laminitic hoof horn material. A diagnosis of laminitis was accepted if the individual had a 
history of recurrent bouts acute phase laminitis and/or radiographic evidence of DP dislocation 
The preliminary assessments of morphologic, morphometric and material properties are 
discussed in detail in Chapters 4 and 5. In addition, the preliminary work associated with 
development of the computer based hoof wall model is given in Chapter 6. 
With the preliminary elements of the experimental phase completed, the main experimental 
stage was instigated. 
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2.7 MAIN EXPEPIMENTAL STAGE OF PROJECT 
The main experimental stage of the project was conducted on a trial population of 26' lamin'tic 
donkeys. These were selected from a population of donkeys who were due to be euthanased of 
medical grounds. 
The selection process was based upon detailed medical and farriery records 
The diagnosis of a laminitic condition was assumed if an individual had a long-standing history 
of recurrent bout of acute phase laminitis, and farriery records indicating degenerative problems 
of the foot. A single forefoot was randomly allocated for assessment, whilst assessment of the 
other foot was incorporated into a separate, concurrent study. 
Pertinent details of the medical history/farriery comments for the laminitic group are 
summarised in Table 2.1. Specific details of the foot have only been included, if they relate to 
the forefoot used in this study. 
Lateral radiographs of the allocated forefeet were obtained from both the laminitic and normal 
group. This aspect of the thesis is covered in Chapter 3. The lateral radiographs of the laminitic 
group were obtained 24 hours prior to euthanasia. In addition bodyweights were also determined 
immediately prior to euthanasia, in accordance with the nomogram published by Eley and 
French (1993b). 
Bodyweight determination was based upon wither height and heart girth measurements where: 
Bodyweight (Kg) = wither height" . 24 x heart girth 2.576 x 0.000252 
Corrected R2=0.923 
immediately following euthanasia, the allocated forefoot was disarticulated at the 
metacarpophalangeal joint, and the Moisture Sampling Block removed as described in Section 
2.3.9. 
1 26 animals were originally identified, and subsequently X-rayed prior to scheduled euthanasia. The 
decision to proceed with euthanasia was, however, rescinded in respect of three individuals. Hence all 
other experimental data were collected from the 23 donkeys that were euthanased 
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Table 2.1 Summary table of Age Weights and Medical Histories / Farriery Comments for 
the laminitic donkey group 
Donkey Age Weight Summary of Medical History / Farriery Comments 
I'M 21 157 Overgrown Feet (85) Laminitis (85) Laminae abcesation (85) Laminitis (89) 
Laminitis (97) Seedy Toe (97) Chronic Founder (98) Laminitis (4/8 99) Solear 
weight bearing (E) Divergent growth rings (E) Perioplic hyperplasia (E) Dorso- 
concavity (E) Sunken CB (E) 
1,1)2 26 178 Poor Feet (98) Dorsal Hoof wall Defect (98) Chronic Founder (98) Solear 
weight bearing (E) Sunken CB (E) 
1, D3 13 
- 
176 Laminitis (97) Solear Weight Bearing (E) Broken forward HPA (E) 
LIM i 9 242 Seedy toe (95) Foot Lameness (95) Larninitis (98) Solear weight bearing (E) 
111)5 26 177 Overgrown feet (88) Laminitis (1/12 92) Laminitis (93) Laminitis (96) 
Laminitis (97) Laminitis (98) Laminitis (99) Chronic Founder (99) Solear 
weight bearing (E) Divergent Growth Rings (E) Dorso-concavity (E) 
1, D6 29 201 Lame (85) Laminitis (91) Seedy Toe (91) Laminitis (92) Laminitis (96) Solear 
weight bearing (E) Divergent growth rings (E) Perioplic hyperplasia (E) Dorso- 
concavity (E) Su ken CB (E) 
1, D7 19 2115 Seedy Toe (92) laminitis (92) Overgrown feet (92) Laminitis (97) Solear weight 
bearing (E) Sunken CB (E) 
I'D8 24 117 Chronic Founder (93) Seedy toe (94) White Line disease (94) laminitis (98) 
Chronic DP Degeneration (98) Laminitis (99) Solear weight bearing (E) 
Divergent Growth Rings (E) 
111)9 32 169 Overweight (82) Larninitis (85) Laminar abscessation (85) Laminitis (2/10 86) 
Chronic Founder (87) Laminitis(89)Laminitis(90)Laminitis(91)Laminitis 
(93) Laminitis (94) Laminitis (96) Laminitis (97) Laminitis (98) Laminitis (99) 
Solear weight bearing (E) Divergent growth rings (E) Dorso-concavity (E) 
Sunken CB (E) 
11010 22 118 Chronic Founder (93) W Line disease (94) Dorsal hoof wall defect (94) 
Laminitis (96) Laminitis (98) Laminitis (99) Divergent Growth Rings (E) 
Dorso-concavity (E) 
111)11 31 147 Seedy Toe (97) Laminitis (97) Chronic Founder (97) Laminitis (98) Larninitis 
(4/5/6/8/10 99) Laminar Abscessation (00) Laminitis (00) Solear weight bearing 
(E) Divergent growth rings (E) Perioplic hyperplasia (E) Dorso-concavity (E) 
- 
Sunken CB (D) Seedy Toe (E) 
1, D12 31 139 Laminitis (8 1) Chronic lameness (84) Lame (87) Seedy toe (87) Laminitis (93) 
Laminitis (94) Laminitis (96) Laminitis (99) Chronic lameness (00) Solear 
weight bearing (E) 
1, D13 32 180 Hyperlipacmia (99) Laminitis (99) 
JAM 26 165 Chronic Founder (98) Laminitis (98) Laminitis (9/10/12 99) Solear weight 
bearing (E) Divergent growth rings (E) Perioplic hyperplasia (E) Dorso- 
concavity (E) Sunken CB (E) 
ID15 11 174 Unresolved Lameness (98) Chronic Degenerative foot problems (98) Laminitis 
(99) Chronic Founder (99) Laminitis (00) Sunken CB (E) Divergent growth 
rings (E) Perioplic hyperplasia (E) Dorso-concavity (E) 
1,1)16 38 202 Poor Hooves (98) Laminitis (99) Solear weight bearing (E) Sunken CB (E) 
ID17 31 175 Overgrown feet (82) Overgrown feet (94) Dorsal Hoof wall defect (94) Chronic 
Founder/ Sunken CB (94) Laminitis (95) Laminitis (97) Laminitis (98) Solear 
weight bearing (E) Divergent growth rings (E) Perioplic hyperplasia (E) Dorso- 
concavity (E) 
I'D18 25 215 Overgrown feet (99) Chronic founder (99) Laminitis (99) Laminitis (00) Solcar 
weight bearing (E) Divergent growth rings (E) Dorso-concavity (E) 
I'D19 27 214 _ Hyperlipacmia (93) Laminitis (98) Laminitis (99) Solear weight bearing (E) 
Sunken CB (E) 
1A)20 32 150 Laminitis (98) Seedy Toe (E) Solear weight bearing (E) 
1,1)21 22 174 , cedy Toe (92) Laminitis (94 ) WL abscessation (94,95) Chronic Founder (96) 
Larninitis (98) Laminitis (1/99,12/99) Solear weight bearing (E) Dorso- 
concavity (E) 
1,022 27 159 Overgrown Feet (9 1) Chronic Founder (96) Solear weight bearing (E) 
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Donkey Age Weight Summary of Medical History / Farriery Comments 
LD23 22 163 Overgrown feet (93) White Line Separation (93) Laminitis (93) Overgrown feet 
(97) White line Separation (97) Laminitis (98) White line Abscessation (98) 
Laminitis (3/5/8/10 99) Laminitis (00) Solear weight bearing (E) Seedy Toe (E) 
LD30* 29 185 Chronic Founder (96) Laminitis (97) Laminitis (98) Laminitis (99) 
LD31 18 163 Poor Hooves (98) Laminitis (98) Laminitis (99) Solear weight bearing (E) 
Sunken CB (E) 
LD33* 21 129 Laminitis (94) Laminitis (96) Laminitis (97) Laminitis (98) Laminitis (99) 
Solear weight bearing (E) Divergent growth rings (E) Dorso-concavity (E) 
Sunken CB (E) 
Key: (XX) Year, (X/XX) Month/Year, (E) At time of Euthanasia, * Animal not Euthanased - X-ray Data 
Only. 
Of the 26 laminitic donkeys, two individuals, LD 9 and 14 displayed overgrown feet at the time 
of euthanasia. Thus they both displayed marked hoof wall overgrowth at the MDC, despite 
having previously received corrective distal hoof wall resection. 
2.8 CONCLUSIONS 
The methods described here together with those detailed within Chapters 4 and 5 enabled a 
comprehensive materials characterisation of laminitic donkey hoof horn to be undertaken. In 
addition, with the use of radiographic data, the relationships between anatomical change 
associated with the laminitic condition, the structural organisation of the hoof horn material at 
the microscopic level, and the mechanical properties of laminitic hoof hom could be evaluated. 
Finally through the development of computer modelling techniques, structure-function 
relationships within the laminitic donkey hoof wall could be investigated. 
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RADIOGRAPHIC ANATOMY OF THE NORMAL AND 
LAMINITIC DONKEY FOOT 
3.1 INTRODUCTION 
3.1.1 OVERVIEW 
Eustace (1998) stated that in order to treat and prognose the laminitic condition one must first 
diagnose. Effective diagnosis is however dependent on prior knowledge of normality, such that 
pathological change can be detected and severity assessed (Linford 1987). This presents a 
particular problem with regard to the donkey as there is little information concerning the normal 
radiographic appearance of the foot (Walker et al. 1995, Bordalai and Nigam 1977). Hence 
there has been a tendency to employ radiographic guidelines for the pony or horse when 
assessing the radiographic anatomy of the donkey foot (Collins and Reilly 2004a - Submitted) 
Diagnosis of degenerative change to the anatomical organisation of the laminitic equine foot has 
traditionally been based upon the subjective interpretation of radiographs (Cripps and Eustace 
1999a). Whilst extreme degenerative change can be diagnosed with confidence by this 
subjective approach, modest changes, or changes of a less visually apparent nature, present a 
particular challenge to the clinician (Herthel and Hood 1999). Baxter (1996) reported that over 
75% of DP displacement cases (Sinkers), where parallelism is maintained between the hoof wall 
and the DP, went undetected by subjective radiographic assessment. Hence an objective means 
of radiographic assessment is required to ensure early diagnosis of pathological change. This is 
of particular relevance to the donkey as clinical signs of pain associated with laminitis are often 
absent until an advanced stage of degenerative change. Thus presentation of the afflicted animal 
often does not take place until extensive damage has occurred within the foot. Prognostic 
evaluation is dependent upon the accurate assessment of the severity of pathological change 
(Butler et al. 1998). It is widely accepted that this is directly related to both the nature and 
extent of the degenerative anatomical change (Kameya 1973, Stick et al. 1982, Eustace 1991, 
Cripps and Eustace 1999b, Heniker 2001, Gibekner 2002). Hence, there is a need to botil 
characterise the nature, and quantify the extent of these degenerative changes to the 
radiographic anatomy of the foot. This requires the careful selection of an appropriate series of 
measurement parameters. These must characterise and define the key elements of the 
radiographic anatomy, and also detect the specific pathological events associated with the 
laminitic condition (Collins and Reilly 2004b - Submitted. ). 
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This chapter details work associated with this radiographic parameter selection process. It also 
reports on the objective characterisation of the radiographic anatomy of the normal donkey foot. 
In addition it reports the quantification and classification of degenerative changes associated 
with the laminitic condition within this equid species. 
3.1.2 MORPHOMETRIC QUANTIFICATION OF THE RADIOGRAPHIC 
ANATOMY OF THE EQUINE FOOT 
Collins and Reilly (2004b - Submitted) highlighted inconsistencies in approach and confusing 
terminology that had been employed in detailing the radiographic anatomy of the equid foot. 
These authors commented upon the difficulties this caused in the interpretation of digital 
radiographs. 
A summary of the different morphometric methods previously used to deterinine the nature of 
the IN' dislocation associated with laminitis is given in Table 3.1. Figure 3.0 illustrates the 
different morphometric approaches of A. Kameya (1973), B. Linford (1987), C. Eustace (1991), 
a nd 1). 1 lernker (200 1). 
Kameya (1973) conducted the first reported morphometric study in the horse. Utilising lateral 
radiographs of the distal limb, this author objectively characterised the normal anatomical 
organisation of the foot. He also evaluated the nature and extent of DP rotation associated with 
laminitic condition. This author used a series of linear and angular measurement parameters to 
define the anatomical inter-relationship between the osseous and exosseous structures of the 
foot. 
These parameters were: - 
" The dorsal hoof wall angle (A) - defined as the angle subtended between the dorsal 
aspect of the hoof wall and the ground line. 
" The dorsal angle of the DP (B) - defined as the angle subtended between the dorsal 
aspect of the DP and the ground line. 
" The angle of the middle phalanx (C) - defined as the angle subtended between the 
dorsal aspect of the middle phalanx and the ground line. 
Integument Depth at the proximal limit of the DP (a) - defined as the perpendicular 
linear distance between the dorsal hoof wall and the dorsal aspect of the DP 
immediately distal to the extensor process of the DP. 
Integument Depth at the distal limit of the DP (b) - defined as the perpendicular linear 
distance between the dorsal hoof wall and the dorsal aspect of the DP at the apex of the 
DII. 
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Figure 3.0 Diagrammatic representation of radiographic parameters assessed in the work 
of Kameya (1973), Linford (1987), Eustace (1991) and Hernker (2001). 
A. Kameya (1973). 
7 
B. Linford (1987). 
C. Eustace (199 1). 
D. Hemker (2001). 
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From these 5 basic radiographic measurements, a further series of derived parameters were 
established. These were: - 
" Degree of Capsular Rotation (A minus B) 
" HPA (A minus C) 
" Degree of Phalangeal Rotation (B minus C) 
0 Integument Depth ratio (b divided by a) 
Kamcya (1973) utilised 7 parameters: (A), (B), (C), (A-B), (A-C), (B-C) and (b/a) to provide 
objective baseline information regarding the normal anatomical organisation of the equine foot. 
In this way Kameya (1973) was able to quantify key defining characteristics including the HPA, 
and the degree of capsular and phalangeal rotation present within the normal foot. 
The principles of this author's approach have been widely accepted and incorporated into 
subsequent studies by Linford (1987) Eustace (1991), Cripps and Eustace (1999a) Hemker 
(200 1) and Gl6ckner (2002). 
The findings of Kameya (1973) supported the theoretically 'ideal' radiographic conformation of 
tile equid foot described by Colles (1983) and Butler et al. (1998) - see Section 1.11.5.1, and 
also the theoretically ideal HPA, with minimal phalangeal rotation - see Section 1.8 and 1.8.1. 
Specifically, the dorsal aspect of the DP was in near parallel alignment with the hoof wall, with 
a mean capsular rotation angle of 0.48 ± 1.4 degrees. Integument Depth was of uniform dorso- 
palniar extent, with an Integument Depth ratio of 0.92 ±0.06. Phalangeal rotation was limited 
with a mean angle of 2.94 ±3.6 degrees. 
Kanicya's retrospective analysis of the radiographic anatomy laminitic foot highlighted the 
diagnostic potential of this approach. This analysis revealed that the morphometric 
characteristics of the laminitic foot differed from those of the normal foot. The laminitic foot 
was characterised by the presence of a 'Broken Forward' HPA, and was accompanied by an 
increase in the dorsal angle of the DP, and, a decrease in dorsal hoof wall angle. 
The degree ol'capsular and phalangeal rotation also exceeded mean baseline values, as did the 
Integument Depth ratio. However Karneya (1973) did not evaluate these differences statistically 
to give the diagnostic nor predictive capabilities of this baseline data. 
Karneya (1973), Stick el al. (1982), Herriker (2001) and Gl6ckner (2002) have all, 
retrospectively evaluated the association between morphometric characteristics of the laminitic 
I*o ot and the recovery outcome of the afflicted animal. 
Cascs were variably classified into groups on different ordinal scales for increasing lameness 
post recovery. 
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These groups were: - 
* Group I- Became sound 
0 Group 2- Remained slightly or intermittently lame 
0 Group 3- Persistent lameness 
0 Group 4- Euthanased on medical grounds of severe lameness 
These studies have all concluded that the degree of capsular rotation was related to the level of 
return to athletic performance (Kameya 1973, Stick el al. 1982, Hemker 200 1, G Mckiier 2002). 
However these different studies have reported different absolute group values. Conversely, the 
degree of phalangeal rotation reported by Kameya (1973) was independent of the post recovery 
lameness grade. The relationship between the degree of capsular rotation and recovery outcome 
within these respective studies are surnmarised in Table 3.2. 
All authors have confirmed that an inverse relationship exists between the extent of capsular 
rotation and recovery outcome. Stick el aL (1982) and G16ckner (2002) concluded that capsular 
rotation in excess of 5.5 and 6.7 degrees respectively represented a guarded prognosis of 
treatment outcome. fn fact, Cripps and Eustace (1999b) reported that capsular rotation was 
related to a binomial treatment outcome of success or failure to return to 'former athletic 
performance levels', with mean values of capsular rotation angles significantly higher in failure 
outcomes compared to successes (P<0.01). 
These findings collectively suggest that both the nature and the extent of the DP rotation reflect 
condition severity and represent important prognostic determinants of recovery. In this regard, 
phalangeal rotation appears to be clinically less serious than capsular rotation (Kameya 1973). 
However, these assertions, and indeed, the predictive ability of these prognostic associations 
have yet to be confirmed experimentally. 
Table 3.2 Relationship between the degree of capsular rotation and recovery outcome 
Author Lameness gro p with mean caps lar rotation angles 
Normal Group I 
Became Sound 
No Lameness 
Group 2 
Intermittent 
Lameness 
Group 3 
Persistent 
Lameness 
Group 4 
Euthanased 
Severe Lameness 
ameya (1973) -0.48+/-1.4 3.7+/4.7 19.3+/-6.1 22.4+/-10.7 16.8+/-8.1 
Stick el al. 1982 
k M 
N/A -5 -9 -14 -15 
Hernker 2001 N/A 3.34 9.60 11.93 8.82 
002) G16ckner (2 N/A 3.6+/-4.55 6.9+/-5.98 7.9+/-6.70 8.17 +/-6 43 
The experimental approach devised by Karneya (1973) does not however provide a means of 
isplacement within the foot. Given the perceived diagnosing or quantifying the degree of DP di II 
severity of this form of DP dislocation (Baxter 1986), the inability of Kameya's method to 
detect and quantify this event is a major flaw. Linford (1990,1996) highlighted the diagnostic 
importance of being able to detect DP displacement, stating that distal displacement was an 
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obligatory response to SADP compromise during the developmental phase of the laminitic 
condition. This author stated that DP displacement occurred within the first 72 hours of the 
condition, irrespective of the subsequent nature of DP dislocation. 
Despite these facts, a unified approach in the diagnosis of DP displacement has not yet been 
achieved. Chapman and Platt (1984) and Hood (1999a) have commenting upon this issue, 
stating that DP displacement was difficult to assess radiographically. Various approaches in the 
assessment of DP displacement have been advocated most notably O'Brien and Baker (1986), 
Lin lord (1987), Redden (1998,2002) and Cripps and Eustace (I 999a). 
Linford et al. (1993) summarising the earlier work of O'Brien and Baker (1986) and Linford 
(1987) argued that Integument Depth at the dorsal aspect of the foot could be used as an 
objective means of assessing DP displacement. This approach has been subsequently adopted by 
various researchers, however, critical diagnostic values of Integument Depth vary between 
authors. For example, O'Brien and Baker (1986) stated that a linear distance ýý! 20mm confirmed 
that DP Displacement had occurred within the foot, whereas Linford (1987) reported a value 
2! l5mm as confirming such a diagnosis. Eustace (1992) and Cripps and Eustace (1999b) 
commenting upon this issue, and reported significant 'between breed' differences in this 
paraineter within the normal foot, and also, 'within breed' differences related both to 
bodyweight and hoof size. 
Linford et al. (1993) recognised these potential confounding factors and argued that Integument 
Depth should be expressed as a percentage of the palmar cortical length of the DP (%PCL). This 
Would control for bodyweight variations between breeds. In this way, Linford (1987,1990, 
1996) concluded that %PCL values >30% were diagnostic of digital collapse. Hernker (2001) 
and I lemker and Hertsch (2002) also reported a direct relation between %PCL and Recovery 
Outcome in a retrospective radiographic study. The mean %PCL values for the 4 lameness 
classes were -34Yo, 44%, 49% and 44%. These authors concluded %PCL >37% represented a 
guarded prognosis ofrecovery outcome. However it is important to note that these results were 
based upon cases studies in which capsular rotation was evident. The ability of parameters 
based upon Integument Depth to discriminate and accurately quantify DP displacement is 
negated it' capsular rotation is present within the foot. In addition, Roentogenic change in the 
form ofbone resorption may reduce the absolute palmar cortical length of the DP, and hence 
result in an overestimation of the true extent of DP displacement within the capsule. 
Redden (1997,1998) suggested that the vertical linear distance between the apex of the DP and 
the ground line may serve as a preferred alternative to Integument Depth. However the absolute 
value ol'this parameter is not only similarly compromised by rotational events, but may also be 
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dependent upon breed differences and variation in foot size, and is also subject to the effects of 
farriery differences between individuals. 
Conversely Eustace (1991), and more recently Cripps and Eustace (1999a, b), have quantified 
the degree of DP displacement, which they refer to as 'founder distance' (D). This parameter is 
defined as the linear vertical distance between the proximal boundary of the extensor process of 
the DP, and the proximal limit of the dorsal hoof wall. Establishing DP Displacement in this 
manner is independent of the effects of combined rotation events, roentogenic change and 
farriery effects. Hence it affords distinct advantages over alternative measurement parameters. 
Cripps and Eustace (1999a) concluded that this parameter was of particular diagnostic 
relevance, as it was uncommon to find laminitic cases with D values within normal baseline 
limits. 
Cripps and Eustace (1999b) provided statistical evidence, derived from stepwise logistic 
regression analysis, which indicated that the D parameter was also of prognostic significance of 
treatment outcome. Individuals with aD value >14mm had a 'probability of success', that is, the 
probability of recovery and 'return to former performance levels', of less that 50%. Whereas 
Hernker (2001) reported that D values >8 mm. represented a guarded prognosis of Recovery 
Outcome in which the animal would return to its former performance level. It is unclear as to 
what accounts for the difference in D value between studies, however the significant breed 
differences in this parameter within the normal foot reported by Cripps and Eustace (1999a) 
may contribute towards this discrepancy. If this is the case, then a means of controlling for 
variation in either bodyweight or hoof size may represent a logical refinement to this 
morphometric parameter. Hernker and Hertsch (2002) also reported a direct relationship 
between D values and the level of post recovery lameness. The greater the D value, the greater 
the degree of lameness, with mean class values of approx. 6,7,8, and 9mm respectively, 
3.1.3 MORPHOMETRIC QUANTIFICATION OF ROENTOGENIC CHANGE 
IN THE EQUINE FOOT 
Various studies including most notably Linford (1987), Linford el al. (1993), Heinker and 
Hertsch (2002) and Gl6ckner (2002) have investigated roentogenic change associated with tile 
laminitic condition. These studies have attempted to identify the specific features of roentgenic 
change associated with the laminitic condition, and also to assess their diagnostic and prognostic 
significance for the condition. 
Linford (1987) stated that new bone formation on the dorsal aspect of the DP was a 
pathognomonic sequela of the developmental stage of the laminitic condition. This feature, 
which later researchers have colloquially referred to as a 'dorsal hump', was defined by Linford 
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(1987) as dorsal bone presence midway along a line constructed along the dorsal aspect of the 
DP from immediately distal to the extensor process to 2mm proximal to the apex of the DP. 
Linford (1987) and Linford et al. (1993) interpreted this feature as representing active bone 
Formation in response to localised increased forces acting within the dorsal aspect of the SADP 
associated with laminar compromise. 
Linford (1987) also reported bone remodelling at the apex of the DP to produce a 'blunted 
appearance' to this structure associated with laminitis. Herriker (2001), Hernker and Hertsch 
(2002) and GlOckner (2002) refer to this particular morphological feature as DP atrophy. This 
feature is marked either by non parallel alignment of the dorsal aspect of the DP with a line 
forming a continuation of the previous control line to its intersection with the ground, or by new 
bone formation dorsal to this line. These respective roentogenic features were both associated 
with a curved intersection between the dorsal and palmar aspects of the DP. This was in marked 
contrast with the characteristic angular intersection evident in the normal foot. 
Various authors included (Kameya 1973, Eustace 1995 and Hood 1999a) have variably reported 
the presence of degenerative bone resorption and/or remodelling of the DP associated with the 
chronic phase of the laminitic condition. These pathological events result in the development of 
a degenerative morphology marked by a variable loss of normal bone structure and/or the 
presence of spur formation at the apex of the DP. 
I Icinker (2001) and G16ckner (2002) have retrospectively evaluated the prognostic significance 
of' these roentogenic changes. These authors concluded that resorption of the DP, and 'spur' 
l'ormation at the apex of the DP were statistically significant factors in associated with recovery 
outcome. These finding are supportive of the guarded prognosis suggested by Eustace (1995) in 
Type 2 chronic founder cases. 
3.1.4 MORPHOMETRIC AND RROENTOGENIC CHARACTERISTICS OF 
THE RADIOGRAPHIC ANATOMY OF THE DONKEY FOOT, AND THE 
EFFECTS OF THE LAMINITIC CONDITION 
Whilst baseline radiographic data is available for the horse, there is little equivalent information 
for the donkey foot (Bordalai and Nigam 1977, Walker et al. 1995). Many fundamental 
anatomical issues relating to the anatomy of the donkey foot still remain unresolved (Reilly 
1997), and there has been a tendency to apply an equine model to the donkey (Collins el al. 
2002). Empirical descriptive accounts however suggest that important differences in the 
'anatomical organisation of the foot may exist between the two species (Eley 2000, Crane 2000 - 
I'crs Com., Bell 2001 - Pers Com. ), although these remain to be objectively assessed. 
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The work of Walker et al. (1995) represents the only objective study of the radiographic 
anatomy of the donkey foot. This preliminary study, conducted on the mammoth donkey breed 
(N=10), documented the radiographic anatomy of the clinically normal foot, provided a limited 
number of baseline measurements, and described the roentogenic character of the DP. 
The lateral radiographs confirmed the following morphometric findings and features of' 
roentogenic change: - 
i. in the normal foot: 
0 The dorsal aspect of the DP was in parallel alignment with the dorsal aspect of 
the hoof wall. 
0 Integument Depth, measured at the midpoint of the dorsal aspect of the DP, was 
greater in the forefeet than the hind in 85% of cases. 
* Integument Depth ranged from 20 - 28mm, with a mean value of -22.5 +/- 
2mm. 
* The apex of the DP had a 'blunt' appearance. 
0 Smooth to irregularly marginated bone formation was present in the mid-dorsal 
aspect of the DP in 6 out of 10 cases. 
0 Statistically significant associations existed between Integument Depth and the 
occurrence of mid-dorsal new bone formation. 
* New bone formation occurred in forefeet having a mean STT value of 24mm 
compared with a mean value of 21 min in those forefeet without bone formation. 
It is not known however, whether these baseline data can be directly applied to the smaller 
European donkey breeds. Indeed Cripps and Eustace (1999a) have reported significant 'between 
breed' difference, related to bodyweight, in radiographic data for the horse. 
Walker el al. (1995) also evaluated the radiographic anatomy of 5 laminitic cases. However 
these authors were unable to detect significant differences in the radiographic anatomy of the 
normal and laminitic foot. 
2. In the laminitic foot: 
0 The apex of the DP exhibited a 'blunt' appearance. 
0 Mid-dorsal bone formation occurred in 9 of the 10 forefeet. 
9 Integument Depth for the forefeet ranged from 21 - 25mm with a mean of 23 
+/-2mm. 
0 Bone formation occurred in 9 of 13 feet In which Integument Depth values 
exceeded >22mm. 
0 DP Rotation occurred in only one foot. 
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Walker et al. (1995) commented upon the relatively large Integument Depth value observed 
within this study, compared to the values previously reported for the horse by Linford (1987) 
and Linford et al. (1993). Walker et al. (1995) stated that this might indicate that anatomical 
differences exist between the two species, or alternatively, that subcllnical laminitis occurs in 
the donkey. The occurrence of mid-dorsal bone proliferation in the donkey DP is similar to that 
reported by Linford (1987) for the laminitic horse. This further supports the possibility of 
subclinical laminitic changes within the donkey foot. In fact, Walker et al. (1995) stated that 
new bone formation was absent in both fore and hind feet with an Integument Depth value 
<20mm, irrespective of group allocation. Walker et al. (1995) concluded that additional studies 
were required in order to confirm these preliminary findings, and stated that these studies should 
be conducted in association with a gross anatomical and histological evaluation of the donkey 
foot. 
3.1.5 INVESTIGATING THE RELATIONSHIP BETWEEN RADIOGRAPHIC 
ANATOMY AND BIOMECHANICAL FUNCTION 
Cripps and Eustace (1999b) reported a significant association between treatment outcome and 
lameness grade (P<0.001), with the proportion of treatment failures increasing with increased 
larneness grade. In addition these authors reported statistically significant associations between 
treatment outcome and the absolute value of specific radiographic parameters. These findings 
indirectly support the argument that the degree of biornechanical impairment is related both to 
the nature, and extent of the DP dislocation. 
Ilence a means of quantifying the nature and extent of the pathological change is essential for 
accurate prognostic assessment. 
It is not known however, whether the nature and extent of the anatomical change within the foot 
is itself the causal factor of biornechanical impairment, or whether attendant, secondary 
pathological events, associated with DP dislocation, are responsible. 
The question therefore remains as to what specific factors are responsible for the variation in 
condition severity and recovery outcome. In fact Hunt (1993) commented upon these issues, and 
raised concerns as to the value of prognostic radiographic evaluation considered in isolation. 
If' I)P dislocation events are indirectly related to the biornechanical impairment of the afflicted 
fbot, then the statistical association reported by Cripps and Eustace (1999b) would suggest that 
DI) dislocation may be related to other secondary digital pathologies that are directly 
responsible for the biomechanical impairment. For example, to changes within the design 
hierarchy of the hoof wall itself. Important inter-relationships may therefore exist between 
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epidermal changes, the nature and extent of changes to the radiographic anatomy of the foot, 
and the biomechanical capabilities of the hoof (Reilly et al. 1998b). 
In order to investigate these hypotheses, there is a need for accurate and objective measurements 
that fully characterise the effects of the laminitic condition upon the radiographic anatomy of 
the foot. However due to the increasing number of recognised events that can occur within the 
laminitic foot, an escalating number of radiographic parameters have been used to document 
these events. This has resulted in the emergence of a complex multifactorial data matrix that 
makes clinical interpretation difficult (Collins and Reilly 2004b - Submitted). 
Previous radiographic studies have been limited by the fact that data analysis has been based 
upon evaluating different anatomical sequelae in isolation. Although the recent application of 
stepwise regression analysis by Cripps and Eustace (1999b) represents progress in this direction, 
comprehensive data analysis has still yet to be achieved. 
A means of summarising and analysing the combined effects of the distinct anatomical sequelae 
is therefore required. Multivariate statistical analysis techniques provide a means by which this 
requirement can be attained. 
3.1-5.1 MULTIVARIATE STATISTICAL ANALYSIS TECHNIQUES 
These powerful techniques utilise the information contained within all measured variables (Alt 
1990). These techniques afford the opportunity to conduct both variable and object directed 
analyses. In this way, variable interaction can be investigated, and object classification and 
discrimination analyses performed. 
An overview of the theoretical basis underpinning the multivarlate testing methods employed in 
this chapter is given in Appendix 111. 
The effectiveness of these techniques are however totally dependent upon the specific 
measurement parameters selected (Alt 1990). Hence the initial, and critical, stage in the 
multivariate analysis process is the application of a priori knowledge to arrive at an appropriate 
series of variables. 
3.1.5.2 MEASUREMENT PARAMETER SELECTION 
on the basis of the literature review associated with this thesis, a series of linear and angular, 
direct and derived, measurement parameters were selected for both bivariate and multivariate 
statistical analysis. 
It is this author's assertion that these parameters serve as an appropriate 
basis by which the radiographic anatomy of the normal donkey foot can be characterlsed. In 
addition, these parameters enable 
the nature and extent of the fundamental anatomical events 
associated with 
DP dislocation to be objectively assessed, namely capsular rotation, phalangeal 
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rotation, DP Displacement, and combined rotation and displacement events. These variables 
also afford partial control against the effects of both extreme roentogenic change, and individual 
bodyweight variation. 
The variables selected are given below. In addition, a comprehensive summary of all direct 
angular and linear parameters and the resultant derived parameters are summarised in Table 
3.3and Table 3.4, along with their respective selection criteria. 
The selected morphometric parameters of the lateral radiograph were: - 
Direct Angular Parameters (See Figure 3.1) 
0 Angle of the Dorsal Hoof Wall - Parameter S: 
- Angle subtended b/n the dorsal aspect of the hoof wall and the ground line 
0 Angle of the dorsal aspect of the DP - Parameter T: 
- Angle subtended b/n the dorsal aspect of the DP and the ground line 
Angle of the central axis of the PP - Parameter U: 
- Angle subtended b/n the central axis of the PP and the ground line 
Degree of angulation of Solear aspect of DP - Parameter Sole Ang: 
- Angle subtended b/n the solear margin of the DP and the ground line 
Derived Angular Parameters 
0 Degree of Capsular Rotation - Parameter Ang H: 
- Angular difference b/n the dorsal aspect of the hoof wall and the dorsal aspect 
of the DP 
0 Degree of'Phalangeal Rotation - Parameter Ang R: 
- Angular difference b/n the dorsal aspect of the hoof wall and the central axis of 
the PP 
0 Angulation of HPA - Parameter PAxis: 
- Angular difference b/n the central axis of the PP and the dorsal aspect of the 
hoofwall 
Direct Linear Measurement Parameters (See Figure 3.1) 
0 Integument Depth of the dorsal aspect of the foot at the proximal site - Parameter A: 
- Perpendicular linear distance b/n the dorsal aspect of the DP and the dorsal 
aspect of the hoof wall, immediately distal of the extensor process 
Integument Depth of the dorsal aspect of the foot at the proximal site - Parameter B: 
- Perpendicular linear distance b/n the dorsal aspect of the DP and the dorsal 
aspect of the hoof wall, immediately proximal to the DP apex 
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Figure 3.1 Diagrammatic Representation of the lateral radiograph to show the Direct 
Angular (Top) and Linear (Bottom) radiographic parameters for the donkey foot. 
Parameter S: 
Dorsal Hoof Wall Angle 
Parameter T: 
Angle of the Dorsal Aspect of the DP 
Parameter U: 
Angle of the Pastern Axis 
Parameter Sole Angle: 
Angle of Solear Aspect of the DP 
Sole Angle S 
Parameter D: 
Absolute Measure of DP Displacement 
Parameter A: 
Integument Depth Proximal Site 
Parameter B: 
Integument Depth Distal Site 
Parametc 
Lcngth ol 
/ 
T/U 
Parameter CH: 
Capsular Height 
Parameter STTM: 
Integument Depth Nfid Dorsal Site 
Parameter SD: 
Sole Depth 
0 Integument Depth of the dorsal aspect of the foot at the Mid Dorsal site - Parameter STTM: 
- Perpendicular linear distance b/n the dorsal aspect of the DP and the dorsal 
aspect of the hoof wall, midway between the proximal and distal measurement 
sites 
0 Absolute linear measurement of DP Displacement - Parameter D: 
- Perpendicular linear distance b/n the proximal limit of the dorsal hoof wall and 
the proximal margin of the extensor process 
Derived Linear Measurement Parameters 
0 integument Depth Ratio - Parameter A: B: 
- Ratio of the finear distances B and A 
0 DP Displacement as quotient of Normallsed Capsular HeIght - Parameter D Ratio: 
- The vertical linear founder distance expressed as a quotient of normalised 
capsular height 
3.2 RATIONAL 
There is a need for additional radiographic studies in the donkey to expand our knowledge base 
of what represents the non-nal radiographic anatomy of the foot of the European donkey, and 
also the pathological changes associated with laminitis. It is only through achieving this 
realistically that progress can be made towards improving our diagnostic and prognostic 
techniques. 
By measuring clearly defined radiographic parameters it will be possible to characterise the 
radiographic appearance of the donkey foot and thereby establish baseline values that represent 
normality. With this baseline data in place, it will be possible to investigate the effect of the 
laminitic condition on the anatomical organisation of the donkey foot. 
In this way, the ability to detect and accurately evaluate anatomical and roentogenic change 
associated with laminit's in the donkey will be enhanced. This will ultimately enable the 
objective diagnostic assessment of the presented animal. 
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3.3 AIMS 
To elucidate and objectively characterise the radiographic appearance both of the normal 
donkey foot in the European Donkey breed type and that which is associated with the laminitic 
condition in this breed type. Specifically: - 
" To establish quantitative baseline data for the radiographic anatomy of the normal 
donkey foot 
" To objectively describe the nature of the HPA in the normal donkey foot 
" To determine the linear and angular characteristics of the osseous and exosseous 
structures of the foot 
* To quantify the anatomical inter-relationship that exists between the osseous and 
cxosseous components of the foot 
To identify the occurrence, and quantify the incidence of roentogenic change to the DP 
in the normal foot 
To objectively assess the anatomical organisation associated with the laminitic 
condition 
To identify and detail the nature and extent of any associated dislocation of the DP 
indicative of digital collapse 
To objectively assess the incidence of roentogenic change to the DP associated with the 
laminitic condition 
0 To identify and investigate any associations and inter-relationshIps between the various 
morphometric parameters by univariate and multivariate analysis techniques 
3.4 MATERIALS AND METHODS 
An initial radiographic assessment was conducted to establish baseline radiographic data of the 
normal donkey foot. This assessment included both morphometric and roentogenic parameters. 
A trial population of 19 'normal' donkeys was identified, based upon their medical history, 
I'arricry records, and the gross anatomical appearance of the hoof capsules. Normality was 
aSSUrned il'an aninial had no previous history of disorders of the foot, and if the hoof capsule 
was devoid of anatomical signs consistent with an undiagnosed laminitic condition. These 
anatomical signs were as follows: divergent hoof growth at the heels, dorso-concavity or 
angulation ofthe hoof wall, and/or, the presence of a sunken coronary band. Lateral radiographs 
were then obtained from the trial population of laminitic donkeys (n=26) 24 hours prior to their 
scliedulcd CLIthanasia. 
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True lateral radiographs were obtained in accordance with the method described by Stick el al. 
(1982). This procedure was chosen because it represents the standard procedure for radiographic 
assessment employed by the Veterinary Centre at the Donkey Sanctuary. 
3.4.1 X-RAY PROTOCOL 
The feet were cleaned prior to radiography, and the hooves 'picked out' to allow normal weight 
bearing. A soft wire dorsal hoof wall marker of known length, measured to I decimal point 
using vernier callipers, was attached to the dorsal aspect of the hoof wall. Where appropriate, 
perioplic hom was removed to allow correct alignment of the dorsal hoof wall marker with the 
Stratum medium. The marker was positioned at the level of the palpable proximal margin of the 
hoof wall and 'moulded' to the dorsal profile of the hoof wall. This procedure allowed 
radiographic calibration and discrimination of the dorsal aspect of the hoof wall. 
The foot was positioned on a wooden block containing a wire ground line marker in accordance 
with Stick et al. (1982). Care was taken to ensure that the limb was in a full weightbearing 
position, with the long axis of the metacarpal bone in perpendicular alignment to the ground 
line. Parks et at. (1999) stated that failure to achieve full weightbearing exaggerates phalangeal 
rotation within the foot. 
A standard operating procedure for radiography was adopted, with a beam intensity of 70KV at 
25mA, a 0.04 seconds exposure, and a 80cm beam object distance, with beam focus centred 
upon the lateral aspect of hoof capsule. A t-square was used to achieve perpendicular alignment 
of the radiographic plate and the foot, with the x-ray beam, thereby minimising obliquity 
effects. Hence, experimental error due to beam obliquity (Koblik et al. 1988, Tachio et al. 2002) 
could be minimised. 
The resultant radiographic plates were developed, and the radiographs dried prior to scanning to 
disk. The Radiographs were digitised on a flatbed x-ray scanner, at a resolution of 400dpl, using 
a despeckle scan option. The resultant processed images were imported into a Machitosh PPC 
and analysed using NIH Image, Public Domain Shareware 
2 (Ver 1.62). 
3.4.2 DETERMINATION OF MORPHOMETRIC PARAMETERS 
The scanned image was initially adjusted using the rotation function of the software program to 
ensure that the wire ground line marker was aligned with the horizontal (x) axis of the computer 
screen. The images were calibrated with respect to the wire dorsal hoof wall marker. A pixel 
count of the linear distance of the wire marker was deten-nined, and used to derive the pixel 
count per unit length as follows: - 
2 National Institute of Health, Maryland, USA. 
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(I /known length of wire marker) * pixel count of wire marker 
With this calibration factor determined, all subsequent linear measurements were automatically 
expressed in mm to I decimal place. 
A two-stage measurement process was conducted to obtain linear and angular morphometric 
parameters. 
3.4.3 STAGE 1 ANGULAR MEASUREMENTS 
A series of control lines were constructed intersecting the ground as illustrated in Figure 3. IA. 
Thcse were: - 
I- The dorsal aspect of the hoof wall 
2. The dorsal aspect of the DP (the line of best fit from the distal limit of the extensors 
process to 5mm proximal of the apex) 
3. The central axis of the proximal phalanx 
4. The palmar aspect of the DP 
In tills way the following parameters could be obtained: - 
" Angle S= angle subtended between I and the ground line 
" Angle T= angle subtended between 2 and the ground line 
" Angle U= angle subtended between 3 and the ground line 
" Solear angle = angle subtended between 3 and the ground line 4 
" Angle 11 = T-S 
" Angle R =T-U 
"I 111A = U-S 
3.4.4 STAGE 2 LINEAR MEASUREMENTS 
A series of control lines were constructed as illustrated in Figure 3. lB. These were located as 
1`61lowed: - 
I. The proximal limit of the DHW marker in the x-direction 
2. The proximal limit of the extensor process in the x-direction 
3. A orthogonal line from the dorsal aspect of the DP to its intersection with the dorsal 
aspect ofthe hoof wall at: - 
A. The distal limit of the extensor process 
B. The apex of the DP 
C. Midway between the above 
4. An orthogonal line, in the y-direction, from the ground line to the apical tip of the DP 
90 
Figure 3.1 Lateral radiograph of the donkev foot to show reference lines for the 
determination of angular and linear radiographic parameters for the donkey foot 
A. Control lines, extended to their intersection with the ground line, that were used to 
determine direct angular radiographic parameters. 
Key: 1= Dorsal aspect of the hoof wall. 2= Dorsal aspect of the distal phalanx (DP). 3ý central axis of 
the proximal phalanx (PP). 4= Palmar aspect of the DP. 
B. Control lines used to determine direct linear radiographic parameters 
Key: I= Proximal limit of the DHW marker in the horizontal axis. 2= Proximal limit of the extensor 
process in the horizontal axis. 3= orthogonal line from the dorsal aspect of the DP to its intersection with 
the dorsal aspect of hoof wall at: a. The distal limit of the extensor process. b. The apex of the DP. c. 
Midway between a and b. 4= Orthogonal line from the ground line to the apical tip of the DP. 5 
orthogonal line from the ground 
line to the proximal limit of the DHW marker. 
5. A orthogonal line, in the y-direction, &orn the ground line to the proximal limit of the 
DHW marker 
In this way the following parameters could be obtained: - 
"D= Pixel calibrated linear distance in the y-direction from 1-2 
" Capsular height =5 
" SD = Pixel calibrated linear distance 5 
" Parameter A= Pixel calibrated linear distance 3A 
" Parameter B= Pixel calibrated linear distance 3B 
" STTM = Pixel calibrated linear distance 3C 
"D Ratio = Ratio of Parameter D: Capsular height (normalised to a SD of 5mm) 
" A: B Ratio = Ratio of Parameter 3A: 3B 
3.4.5 ROENTOGENIC CHANGE IN THE DISTAL PHALANX 
Sign of roentogenic change to the DP were assessed on a binommal basis of present or absent. 
Three specific roentogenic features were evaluated. These were, mid dorsal bone formation, 
distal bone modification and distal spur formation and/or bone resorption. These roentogenic 
features are illustrated in Figure 3.2. The assessment approach was adapted after Linford (1987). 
The control line constructed along the dorsal aspect of the DP - see Section 3.4.3 served as a 
means of establishing both mid dorsal formation and distal bone modification. Distal resorption 
was based upon subjective visual assessment of degenerative change by the author in a blind 
fashion. 
3.5 STATISTICAL ANALYSIS 
3.5.1 UNIVARIATE STATISTICAL ANALYSIS 
Nonparametric statistical testing was conducted on all restricted data and on continuous data 
that displayed a non-normal distribution. Parametric statistical testing was only used on 
continuous data that displayed normal distribution. Normality was assessed using the Anderson- 
Darling Normality test at an alpha level of 0.05. 
Where data was both continuous and normally distributed, either parametric 2-sample t-tests 
were used, or in the case of multiple comparisons, one-way analysis of variance. 
The significance of the respective group incidence of roentogenic change features was evaluated 
in respect of each roentogenic feature (class) by Chi 2x2 test of association. 
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In all cases 2 tailed test conditions were adopted, at a 5% significance level. 
Hence the null hypotheses under these test conditions were: 
H'- There is no statistical difference between groups (A=B) 
Set against the alternative hypotheses: 
IT- there is a statistical difference between groups (A#B) 
Wherever possible this thesis will restrict comment to the appropriate statistical descriptor. That 
is, to refer to mean values (+/- sd) in the case of continuous, and/or normally distributed data, 
and to report median values (IQ ranges) when data in either non-normal or restricted. 
Comparisons with previously reported data however, occasionally necessitate the use of 
inappropriate statistical descriptors as a matter of last resort. Hence summary tables may 
includes both parameter means (+/- sd), medians (with inter quartile range) and min-max 
ranges. 
3.5.2 MULTIVARIATE STATISTICAL ANALYSIS 
The data matrix was analysed using three different multivariate techniques. In order to take into 
account the different metrics of measurements evident in selected radiographic parameters, 
analysis was conducted using the correlation matrix. This in effect auto-scales each variable to 
produce a situation of unit variance. In this way, differences in measurement units would not 
influence the final statistical solution. 
An initial analysis was performed using the variable-directed Principle Component Analysis 
technique (PCA). This variable-directed technique investigates the combined effect, and 
interactions, between all selected variables. This method seeks to simplify the data by producing 
new orthogonal axes or principle components (PCs) that maximise the variance within the data 
matrix. In addition, the respective contribution of each variable, to each of the resultant PCs is 
calculated. As the number of selected variables was relatively small in comparison with the 
number of objects (donkeys), the matrix was analysed using a single value decomposition 
algorithm. 
A subsequent object-directed analysis was conducted in order to explore potential object 
grouping within the data, using the agglomerative classification technique of Hierarchical 
Clustering. This was performed using a Complete linkage rule, and a Squared Euclidean 
distance metric. 
A final calibration and validation exercise was undertaken by Regularised Discriminative 
Analysis (RDA). This technique produces a mathematical classification rule, and also assesses 
the theoretical modelling capabilities of this classification rule. In this way, the recognition and 
prediction potential of the proposed model can be investigated. 
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This analysis was performed in an unbiased and a 'weighted' modelling scenario, at unit loss 
function and an arbitrary loss function of 10 respectively. The 'weighted' modelling scenario 
guards against Type 2 statistical errors. This is of particular clinical significance in respect of 
the laminitic condition, where false 'positive' misclassifications are more favourable than false 
6negatives'. 
3.6 RLSULTS 
3.6.1 RADIOGRAPHIC ANATOMY OF THE NORMAL DONKEY FOOT 
The radiographic anatomy of the foot of the normal donkey group is summarised in Table 3.5, 
along with corresponding data for the pony previously reported by Cripps and Eustace (I 999a). 
Pony data has been included for comparative purposes as this equid approximates to the donkey 
both in its size and bodyweight. 
The dorsal hoof wall angle (Parameter S) of the normal donkey group ranged from 40' to 74" 
with a median value of 60' (56.25 -63.75). The angle of the dorsal aspect of the DP (Parameter 
U) was in near parallel alignment with the hoof wall with a median of 62'. 
The mean linear distances between the dorsal aspect of the DP and the dorsal hoof wall at the 
proximal, mid and distal measurement sites were 17.48 (+/-2.273), 17.28 (+/-3.157), and 17.48 
(+/-2.649) mm respectively 
The parallelism between these anatomical features was reflected in a median capsular rotation 
angle (Parameter Ang H) of 1.0' (-1.0 -1.8), and a median Integument Depth ratio (Parameter 
A: B) of unity (0.94-1.06). These values corresponded with a solear angle which ranged from 5.0 
to 20.0 degrees, with a group median of 11.0 (10- 16) degrees. 
The phalangeal rotational angle (Parameter Ang R) ranged from -16 to 16 with a median value 
of 1.0 (-0.75-4.0) degree, and a corresponding HPA median of 1.0 (-275-5.0). The Degree of DP 
displacement within the capsule ranged from 5 to 21mm, with a mean of 12.3(+/-4.26), and a 
median D ratio value of 0.26 (0.1925-0.2975). 
Comparison with the pony data revealed a broadly similar anatomical organisation. However 
distinct 'between species' differences were apparent in the finer anatomical detail. Mean values 
indicated that the donkey hoof was more upright by -7, as measured by the dorsal hoof wall 
angle (S). The angulation of the dorsal aspect of the DP (T), and the phalangeal axis (U) were 
also greater in the donkey. There was minimal phalangeal rotation (Ang R) within the donkey 
foot, unlike the pony. Integument depth, measured at the mid-point of the DP (SITM) was 4mm 
greater in the donkey, and represented a -30% difference. The degree of DP displacement 
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differed considerably with a mean D value for the donkey at -13mm compared with -3mm. for 
the pony. 
Table 3.5 Summary table of the radiographic parameters of the normal donkey foot. 
Normal Donkey Group (n=19) Pony (n=7) 
From Cripps and 
Eustace (1999a) 
A gular Parameters egrees) 
Parameter Mean Median Range Mean (+/- sd) 
sd) (IQ Range) Min-Max Median 
Ran e Min-Max 
S 60.58 60.00 53.6(7.92) 
(5.621) (56.25-63.75) 53.00-71.00 50.5 
45-67 
T 60.89 62-00 53.0(7.13) 
(5.141) (56.75-65.50) 52.00-69.00 51.5 
45-66 
U 59.32 58.00 45.1(4.98) 
(6.237) (55.50-62.75) 48.00-71.00 46.0 
37-52 
Solear Angle 11.11 11.00 N/A 
(3.635) 8.25-13.75) 5.00-20.00 
Ang H 0.3158 -1.000 -0.6(l. 84) 
(3.560) (-1.000-1.750) -5.000-9-000 -0.1 
-3-3 
Ang R 1.579 1.000 7.9(5.8) 
(6.907) (-0.75-4.00) -16.00-16.00 8.5 
0-18.0 
P Axis 1.263 1.000 N/A 
(8.61) (-2.75-5.00) -17.00-21.00 
Linear Parameters mm) 
Parameter Mean Median Range Mean (+/- sd) 
sd) (IQ Range) Min-Max Median 
Rang Min-Max 
A 17.48 16.60 N/A 
(2.72) (16.15-19.15) 13.40-22.60 
B 17.48 16.60 N/A 
(3.157) (15.18-19-15) 13.40-24.50 
STTM 17.28 16.60 13.2(t. 93) 
(2.649) (15.30-18.92) 13.40-22.60 12.3 
11.1-16.1 
D 12.32 12.70 3.1(2.21) 
(4.260) (9.100-14.20) 5.700-21.00 2.9 
0-6.3 
P3 24.20 25.50 N/A 
(2.33) (23.23-25.80) 18.00-26.60 
A: B* 0.995 1.000 N/A 
. 
75) (0.940-1.060) 0.880-1.100 
D Ratio* 0.253 0.260 N/A 
(0.074) (0.194-0.298) 0.130-0.370 
____j Denotes Unit-less Parameter 
Note: An explanation for each radiographic parameter is given in Table 3.3and Table 3.4. 
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3.6.2 THE RADIOGRAPHIC ANATOMY OF THE LAMINITIC DONKEY 
FOOT 
Table 3.6 summarises the radiographic features of the Laminitic Group. Considerable variation 
was evident in all radiographic parameters, indicating differences in anatomical presentation. 
Dorsal hoof wall angles displayed a greater, min - max range than that recorded in the normal 
group ranging from 40 to 74 with a median of 65 (55-67) degrees. Whereas Parameter T values 
ranged from 55 to 91 degrees with a median of 70(66.0-76.0) degrees, the corresponding solear 
angles ranged from 7.0 to 27.0 with a median of 13.5 (10-16). 
Table 3.6 Summary table of the direct and derived, angular and linear radiographic 
parameters of the laminitic donkey foot 
Laminitic Donkey Group (n=26) 
Angular Pa ameters (degrees) 
Parameter Mean Median Range 
(+/- sd) (IQ Range) Min-Max 
S 61.69 65.00 
(8.615) (55.00-67.00) 40.00-74.00 
T 71.58 70.00 
(8.963) (66.00-76400) 55.00-91.00 
u 58.23 56.50 
(9.668) (52.00-64*00) 40.00-84.00 
Solear Angle 14.00 13.50 
(5.614) (10.00-16*00) 7.000-27.00 
Ang H 9.885 4.50 
(13.54) (-1.000-20.00) -6.000-39.00 
Ang R 13.35 13.00 
(11.22) (6.000-19wOO) -14.00-38.00 
P Axis 3.462 5.000 
(16.32) (-2.000-13.00) -44.00-31.00 
Linear P rameters (mm) 
Parameter Mean Median Range 
(+/- sd) (IQ Range) Min-Max 
A 18.70 17.75 
(4.504) (15.60-21.40) 12.70-29.20 
B 21.28 19.45 
(6.305) (17.00-22.80) 13.60-35.00 
STTM 19.83 17.95 
(5.028) (16.60-21.90) 12.90-31.20 
D 12.45 11.45 
(4.768) (8.800-15.70) 4.900-24.40 
P3 21.55 21.80 
(3.975) (23.23-25.80) 14.60-28.40 
A: B* 1.132 1.120 
(0.1384) (1.030-1.210) 0.8900-1.440 
D Ratio* 0.2623 0.2450 
(0.08487) (0.190-0.330) 0.1200-0.4300 
* Denotes Unit-less Parameter 
Note: An explanation for each radiographic parameter is given in Table 3.3 and Table 3.4. 
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The mean Integument Depth values at the proximal, mid and distal measurement sites were 
18.7(+/-4.50), 19.83(+/-5.028), and 21.28 (+/-6.305) mm respectively, and the corresponding 
A: 13 ratio ranged from 0.89 to 1.440 with a median of 1.12 (1.030 -1.210) trim. 
Median Ang H, and Ang R and P axis values, along with the mean A: 13 ratio confirmed the 
presence of combined capsular and phalangeal rotation events, and a 'broken' HPA. The median 
HPA within the laminitic group was 5 degrees. Capsular rotation values which ranged from -6.0 
to 39.0 with a median of 4.50 (-1.0 - 20.0) degrees. 
Phalangeal rotation angles also showed considerable variation ranging from -14.0 to 38.0 
degrees with a group median of 13.0 (6.0-19.0) degrees. DP displacement within the group 
ranged from 4.9 to 24 mm with a mean of 12.45 (+/- 1) mm, and a corresponding median D 
ratio of 0.24.5 (0.19-0.43). Mean D and D ratio values were, however, similar to the Normal 
Group, indicating that DP displacement was not a predominant characteristic of laminitis. 
3.6.3 BETWEEN GROUP COMPARISON OF THE RADIOGRAPHIC 
ANATOMY OF THE DONKEY FOOT 
3.6.3.1 ANGULAR RADIOGRAPHIC PARAMETERS 
Between group comparisons revealed significant differences (P<0.05) at a 95% confidence level 
between group medians in respect of the angular parameters T (P=0.0000), Ang H (P=0.0139), 
and Ang R (P=0.0001) - see Figure 3.3, Figure 3.4 and Figure 3.5 respectively. All other 
angular comparisons between group medians were not statistically significant (P>0.05). 
3.6.3.2 LINEAR RADIOGRAPHIC PARAMETERS 
Statistically significant between groups differences were established in parameter STTM 
(11=0.034), B (P=0.012), the A: B ratio (P= 0.008) see Figure 3.6 and Figure 3.7, and also P3 
(11=0.0107). All other between group linear comparisons were not statistically significant 
(11>0.05). 
3.6.4 ROENTOGENIC CHANGE IN THE DISTAL PHALANX OF THE 
DONKEY FOOT 
The incidence of the three classes of roentogenic change in the DP are presented by group 
association in 'I'able 3.7. 
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Figure 3.3 Box plot showing 'between group' comparisons in Parameter T 
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Figure 3.4 Box plot showing 'between group' comparisons in Parameter Ang H 
40 
-; ý 30 cn (D 
CD 
tm 20 
lo 
0 
GROUPS 
Key: Group I= Laminitic Group. Group 2= Normal Group 
97 
I Ic 
14 
Figure 3.5 Box plot showing 'between group' comparisons in Parameter Ang R 
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Figure 3.6 Box plot showing 'between group' comparisons in Parameter A: B Ratio 
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Figure 3.7 Histogram showing 'between group' comparisons in Parameters A, 
STTM and B 
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Table 3.7 Summary table of Roentogenic change 
B 
Roentogen Laminitic Group Normal Group 
Change (n=26) (n= 19) 
Present Absent Present Absent 
Mid dorsal bone 9 17 5 14 
formation 
Distal bone 5 21 11 8 
formation 
Distal resorption 14 I 12 I 0 19 I 
spur forniation 
All three measured classes of roentogenic change were observed within the laminitic group. 
However only mid dorsal bone formation and distal bone modification were recorded in the 
normal group. 
3.6.5 BETWEEN GROUP COMPARISONS OF THE INCIDENCE OF 
ROENTOGENIC CHANGE IN THE DISTAL PHALANX 
There were significant differences (P<0.05) in the incidence of distal bone modification and 
distal spur formation and resorption between the normal and laminitic groups. 
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3.6.6 MULTIVRIATE ANALYSIS 
3.6.6.1 PRINCIPLE COMPONENT ANALYSIS 
Figure 3.8 summarises the principle component analysis of the radiographic morphometry data 
matrix. This analysis revealed that only three principle components displayed Eigenvalues in 
excess of unity and that these components explained over 82% of the total variance captured in 
the data set. These components, namely PC 1,2 and 3 accounted for - 50,22 and 11 % of the 
captured variance respectively. The Scree plot illustrated in Figure 3.9 demonstrates the relative 
importance of the first 9 principle components in this analysis. It can be seen that the 
Eigenvalues associated with each PC declined rapidly across the first three components. 
Thereafter the profile levelled off through the remaining PCs. On this basis it was assumed that 
PCI, 2 and 3 only made a significant contribution to the analysis. Hence all other data 
assessment regarding the PCA was restricted to information relating to these specific 
components. 
E'xarnination of the eigenvectors (PcaLoa's) in Figure 3.8 indicates that PCI is determined by 
the weighted effect of several measured variables, most notably by Parameters B, Ang H and 
STTM and A (eigenvectors <- 3.5) balanced against the opposing effect of Parameters P3, P 
axis and Ang S (eigen vectors >2.5). Conversely, PC2 is dominated by the weighted average of 
Parameters Ang R and T (eigenvectors >4.0) balanced primarily by the influence of Parameter 
U. The final component, PC3, is significantly influenced by the weighted average of Parameters 
1) and D Ratio (eigenvectors <-0.5) balanced against the effects of Parameters U and A: B 
(eigenvectors >0.2). 
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Figure 3.8 Summary of PCA analysis to show Eigenvalues and Eigenvectors for the first 6 
principle components of variance 
Principal Component Analysis 
calculated from Correlation Matrix by SVD 
Eigenvalue 7. 0208 3. 0195 1. 4675 
Proportion 0 . 501 0 . 216 0 . 105 cumulative 0 . 501 0 . 717 0 . 822 
Eigenvectors 
Variable FC1 PC2 PC3 
S 0 . 253 0 . 300 -0 . 058 T amend -0 . 233 0 . 409 0 . 127 U -0 . 218 -0 . 286 0 . 386 Ang H AM -0 . 350 0 . 133 0 . 139 Ang R AM -0 . 030 0 . 548 -0 . 183 STTM -0 . 
326 -0 . 034 -0 . 
098 
A -0 . 324 -0 . 079 -0 . 128 B -0 . 365 0 . 024 0 . 010 A: B -0 . 252 0 . 202 0 . 219 P3 0 . 280 -0 . 162 -0 . 024 Sole Ang -0 . 195 0 . 342 0 . 127 P Axis 0 . 273 0 . 341 -0 . 270 D -0 . 227 -0 . 139 -0 . 
561 
D Ratio -0 . 246 -0 . 121 -0 . 548 
0. 8207 0. 5681 0, 4633 
0 . 059 0 . 041 0 , 033 O . Bel 0 . 921 0 . 954 
PC4 PC5 PC6 
0 . 311 -0 . 490 -0 . 211 0 . 168 -0 . 215 -0 . 104 0 . 378 -0 . 234 -0 , 248 
-0 , 067 0 . 144 0 . 053 
-0 . 143 -0 . 003 0 . 099 
-0 . 190 -0 . 508 -0 . 000 
-0 . 413 -0 . 237 -0 . 229 
-0 . 142 -0 . 191 0 , 086 0 . 397 0 . 
000 0 . 659 0 
. 
264 -0 . 285 -0 . 056 0 . 193 0 . 405 -0 . 604 
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Figure 3.9 Scree plot showing Eigenvalues for the first 9 Principal Components 
Principal Components Eigenvalue (Scree) Plot 
7 
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components 
PCA LOADING PLOT 
The loading plot for PCI Vs PC2 (see Figure 3.10) graphically depicts the vectorial 
characteristics of the measured variables, and their respective interactions in the plane of 
maximum variance. The absolute size of each vector reflects its relative contribution, or 
importance, within the plane of variance, whilst its orientation reflects its relative contribution 
to each PC. Collectively, the size and orientation indicate both the direction and magnitude of 
its effect within the plane of variance. The spatial disposition of the vectors illustrates their 
weighted interaction, and hence demonstrates their combined effect with regard to object 
separation. 
PCA SCORE PLOT 
The score plot of PC I Vs PC2 illustrates the spatial distribution of the trial animals in respect of 
the plane of maximum variance (See Figure 3.11). The respective location of each individual 
reflects the combined vectorial effect of the measured parameters within that animal. It can be 
observed that the normal population appears in a relatively tightly bound cohesive group. This 
indicates a degree of similarity in the anatomic organisation of the normal foot, as defined by 
the selected parameters. 
Conversely the distribution of the larninitic group is varied and more widespread. In this regard, 
the laminitic group is separated from the majority of the normal animals both in respect of PCI 
and PC2. However certain laminitic individuals appear to be influenced predominantly by 
effects in the direction of PCI, whereas others appear to be separated from the normal group in 
the direction of PC2 only. This suggests not only that the radiographic appearance of the 
laminitic foot differs from that seen in the normal foot, but also that considerable variation 
exists in the nature and extent of these differences. 
This apparent variation in the radiographic anatomy of the foot within the laminitic group 
suggests that further sub-division, based upon these anatomical differences, may be appropriate 
in order to investigate further the effects of the laminitic condition. 
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Figure 3.10 Parameter Loading Plot for the first two Principle Components of 
variance. 
Principal Components Loading Plot 
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Figure 3.11 Scatter Plot of the Principle Component Scores by individual in 
respect of the first two Principle Components of variance. 
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3.6.6.2 HIERARCHICAL CLUSTER ANALYSIS 
The results of this analysis are summarised in the binary linkage dendrogram. illustrated in 
Figure 3.12. The agglomeration dendrograrn reveals the presence of two main branches that 
unite at a similarity level approaching zero. A relatively large threshold distance (similarity 
level) exists between the two respective branches and the final linkage step that unites their 
respective clusters into a single population. These distances are approximately 33% and 70% for 
the left and right branches respectively. This indicates that the two clusters are highly dissimilar, 
but that they respectively share a degree of anatomical similarity within each respective cluster. 
Difference existed however between the agglomeration characteristics within the two respective 
branches. In the right-hand branch, linkage occurred rapidly with little threshold distance 
between successive agglomeration steps, with all animals united into a single cluster at a 70% 
similarity level. This indicates that these individuals are highly similar in respect of the 
measured variable and share at least 70% similarity in radiographic anatomy. 
The situation in the left-hand branch of the dendrogram was more varied both in terms of the 
similarity levels at which agglomeration occurred, and the threshold distance between them. 
This indicates a greater degree of dissimilarity between individuals. Nevertheless all individuals 
cluster into a single group that share a minimum of 33% similarity in radiographic anatomy 
between individuals. 
The agglomeration characteristics described above suggest that a division of the dendrograrn to 
produce a two-cluster partition may be appropriate. in order to investigate this further the 
laminitic trial population was subdivided into two classes or groups hereafter referred to as, 
Laminitic Group A and B respectively. 
Laminitic Group A comprised trial animals LD 1,2,8,9,10,11,14,15,17,23 and 30 with the 
remaining donkeys (LD 3,4,5,6,7,12,13,16,18,19,20 21 and 22 allocated to Laminitic Group B. 
Further analysis was conducted in order to evaluate the statistical basis of this proposed 2-fold 
classification. 
Analysis of the object-cluster distance matrix plot based upon this two-cluster division (see 
Figure 3.13) illustrates both the distance of each object from its cluster centroid, and the relative 
separation of the respective clusters. 
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Figure 3.12 Dendogram showing agglomerative hierarchical clustering of the laminitic 
group 
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Figure 3.13 Cluster centroid plot showing cluster separation 
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Figure 3.14 Scatter plot of Principle Component scores by group based on 
hierarchical class allocation 
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Figure 3.14 illustrates the laminitic group partitioning in respect of the previously presented PC 
Scores in the plane of maximum variance. Visual inspection of the resultant scatter plot suggests 
an acceptable fit, and therefore adds confidence to the adoption of this proposed cluster 
partitioning. 
3.6.6.3 REGULARISED DISCRIMINATIVE ANALYSIS 
All analyses out performed the no model test statistics, that is, the classification error and 
recognition risk statistics of the optimum model was lower that the critical threshold of the no 
model statistics. This indicated that was a robust statistical basis to the proposed classification 
system, and that the models offer acceptable levels of goodness of recognition and prediction. 
UNrr LOSS FUNCTION 
The class assignment matrix at unit loss function (see Figure 3.15) revealed the modelled class 
assignment using the theoretical optimum classification rule. The classification matrix revealed 
that 10 of the II Laminitic Group A animals (Class 1) were assigned to their class. The 
remaining animal, LD2, was assigned to class 3 (Normal Group). Of the 15 animals comprising 
Laminitic Group B, 14 were assigned to their class. LD 4 was however assigned to the Normal 
Group. 15 of the normal animals were assigned to their corresponding class with N13,19,20 
and 21 being assigned to Laminitic Group B (class 2). 
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The corresponding cross validation classification matrix indicated the potential predIcitive 
capabilities of the optimum classification rule. This analysis assigned 9 Laminitic Group A 
animals to their corresponding class. LD2 was again assigned to the Normal Group, and LD II 
to Laminitic Group B. 13 of the 15 Laminitic Group B animals were assigned to their respective 
class. LD4,13 and 16 was however assigned to the Normal group. The cross validation 
assignment in class 3 was identical to that determined by the classification matrix. 
Figure 3.15 Class assignment and cross-validated matrices at unit loss function 
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The optimum model selected at the weighting loss function of 10 differed from the unit loss 
function scenario. The effect of these changes in respect of the associated classification rule and 
class boundaries can be seen in the corresponding class assignment matrix illustrated in Figure 
3.16. The assignment picture in respect of Lamintic Group A was in agreement with the 
previous model. All individuals were assigned to their corresponding group both in the 
classification and cross validation classification analyses, with the exception once more of 1,112 
that was assigned to the Normal group. All Laminitic Group B individuals were assigned to 
their group. The assignment situation with regard to the Normal Group was however more 
varied. 14 individuals were assigned to their corresponding class during classification. N 1,8,13 
and 19 were however assigned to Laminitic Group B. These individuals were also allocated to 
this group in the cross validation exercise, in addition to N9,11,20 and 2 1. 
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Figure 3.16 Class assignment and cross-validated matrices at weighted loss 
function of 10 
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3.6.7 SECONDARY STATISTICAL ANALYSIS OF PARTITIONED DATA 
A secondary statistical analysis was performed on the grouped data to further investigate the 
nature and significance of this derived partitioning. A descriptive summary of the Principle 
Component scores for the first three components and the radiographic parameters of Laminitic 
Group A and B are given in Table 3.8 and Table 3.9 respectively. 'Between group' analyses of 
the partitioned PC scores for PC 1 -3 for the Laminitic Group A, B and the Normal Group, using 
one-way analysis of variance (ANOVA) revealed significant 'between group' differences 
(11<0.05) in PC I and PC2 at 95% confidence levels. 
Table 3.8 Summary table of Principle Components Scores by group for the first 
three principle components of variance. 
Parameter Larninitic Gro pA Laminitic Gro pB-- 
Mean Median Range Mean Median Range 
(+/- sd) (IQ Range) Min-Max (+/- sd) (IQ Range) Min-Max 
Pcascol -2.582 -1.492 1.893 1.747 
(2.1220) (-4.814-- -5.364- (0.8383) (1.620- 
0.06353- 
0.9725) 0.4160 2.543) 3.34) 
PcaSco2 -0.04721 -0.1094 0.03462 -0.3483 
(2.0710) (-1.076- -3.234- (1.2020) (-0.7033- -1.966- 
0.8278) 4.093 0.8855) 2.619 
- 
PcaSC03 0.2237 0.2452 -0.1640 -0.03664 
(1.2140) (-0.9953- -1.389- (0.9527) (-0.7244- -1.908- 
1.447) 1.671 0.3384) 1.874 
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The associated P values were P <0.0000 and P=0.001 respectively. In respect of PC], Tukey 
pairwise comparisons revealed SI)s between Laminitic Group A and B, and also between 
Laminitic Group A, and the Normal group. Conversely, in the case of PC2, SDs occurred 
between Laminitic Group B and the Normal group only. These findings are summarised in 
Figure 3.17. 
Table 3.9 Summary table of radiographic parameters by group. 
Parameter Laminitic Group A Laminitic Group B 
Mean Median Range Mean Median Range 
(+/- sd) (IQ Range) Min-Max (+/- sd) (IQ Range) Min-Max 
S 55.1 54.0 66.5 67 
(8.97) (52.3-63.8) (3.96) (65.0-68.0) (59.0-74.0) 
T 76.6 76 66.5 68.0 
(3.96) (70.0-87.3) (55.0-91.0) (4.42) (62.3-71.0) (62.0-77.0) 
u 64.1 65.0 53.9 55.0 
(10.0) (56.8-70.0) (51.0-84.0) (6.98) (52.0-57.8) (40.0-64.0) 
Ang H 21.6 22.0 1.3 0.0 
(13.07) (12.3-29.8) (-5.0-39.0) (4.47) (-1.0-4.0) (-6.0-12.0) 
Ang R 12.6 16.0 13.9 12.0 __ 
(14.70) (4.3-18.5) (-14.0-38.0) 1 (8.35) (7.3-21.0) (1.0-30.0) 
STTM 24.3 23.0 16.5 16.6 
(4.51) (20.8-28.5) (17.6-28.5) (1.80) (15.6-17.8) (12.9-19.6) 
A 22.4 22.3 16.0 15.6 
(4.41) (19.0-25.8) (15.7-29.2) (1.86) (15.2-17.8 (12.7-18.6) 
B 27.0 25.2 17.1 17.5 
(5.46) (22.4-32.9) (20.4-35.0) (2.37) (15.6-18.0) (13.6-22.4) 
A: B 1.21 1.18 _ 1.07 1.06 
(0.111) (1.13-1.29) (1.05-1.40) (0.133) (1-0-1.13) (0.89-1.44) 
Solear 16.4 15 12.3 12.0 
Angle (6.90) (10.3-22.0) (7.0-27.0) (3.83) (10.0-14.8) (7-0-22.0) 
P3 18.4 17.5 23.9 24.3 
(3.27) (15.7-20.9) (14.6-24.0) (2.62) (21.6-25.3) (20.0-25.3) 
P Axis -9.0 -6.0 12.6 13.0 
(16.13) -18.0- -6.0) (8.85) (6-18.5) (2.0-31.0) 
D 16.9 16.0 9.2 9.0 
(3.37) 
_(I 
5.4-18.4 (11.6-24.0) (2.07) (7.7-11.8) (4.9-11.8) 
D Ratio 0.35 0.35 0.20 0.2 0.2 
(0.05) (0.31-0.39) (0.27-0.43) 1 (0.04) (0-17-0.23) (0-12-0.26) 
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Figure 3.17 Histogram showing 'between group comparisons' of Principle 
Component Scores in respect of the first three Principle Components of Variance 
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'Between group' comparisons of the angular parameters, conducted using Kruskal-Wallis 
testing (nonparametric equivalent of ANOVA), indicated significant 'between group' 
differences (P<0.05) in all parameters except Sole Angle. Pairwise comparisons using Mann- 
Whitney tests are surnmarised in Table 3.10. 
The analysis of the linear measurement parameters using appropriate parametric or 
nonparanietric testing methods, revealed significant 'between group' differences in all 
parameters. The results of the pairwise comparisons are presented in Table 3.11. 
On the basis of this analysis it was decided to accept the partitioning of the laminitic animals 
into a 2-fold sub-group allocation. These sub-groups are hereafter referred to as Laminitic 
Group I and 2, with Group I and 2 corresponding respectively to the former Laminitic Groups 
A and B. The 3-Group categorisation of the radiographic anatomy of the donkey foot is 
illustrated in Figure 3.19, and their defining anatomical characteristics summarised. 
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Parameter: S 
Lam Group A Lam Group B Normal Group 
14 Lam Group A SDP=0.0008 NSD 
Lam Group B SID P=0.0022 
Normal Group 
Parameter: T 
Parameter: U 
Lam Group AI Lam Group B Normal Group 
Lam Group A ISDP=0.0146 NSD 
Lam Group B SID P=0.0386 
Normal Group 
Parameter: Anci H 
Lam Group AI Lam Group 13 Normal Group 
Lam Group A ISDP=0.0005 SDP=0.002_ 
Lam Group B NSD 
Normal Group 
Parameter: Anq R 
Lam Group A Lam Group B Normal Group 
Lam Group A NSD SD P=0.0129 
Lam Group B SD P=0.0001 
Normal Group 
Parameter: Paxis 
Lam Group A Lam Grout) B Normal Grout) I 
Lam Group A SD P=0.0003 SID P=0.0450 
Lam Group B SD P=0.000H 
Normal Group 
III 
Table 3.11 Summary table of between group comparisons of linear radiographic 
parameters 
Parameter: A 
Lam Group A Lam Group B Normal Group 
Lam Group A SID SID 
Lam Group B NSD 
Normal Group 
Parameter: STTM 
Lam Group A Lam Group B Normal Group I 
Lam Group A SD SID 
Lam Group BNSD 
Normal Group 
Parameter: B 
Lam Group AI Lam Group BI Normal Group 
Lam Group A ISD ISD 
Lam Group B NSD 
Normal Group 
Parameter: A: B 
Lam Group A Lam Group B Normal Group 
Lam Group A SID P=0.0086 SID PeO. 0000 
Lam Group B NSD 
Normal Group 
Parameter: D 
Lam Group A Lam Group B Normal Group 
Lam Group A ISDP<0.0000 SDP=0.0111 
Lam Group B SD P=0.0183 
Normal Group 
Parameter: D Ratio 
Lam Group AI Lam Group B Normal Group 
Lam Group A ISDP---0.0000 SDP=0.0019 
Lam Group B SD P=0.018 
Normal Group 
Parameter: P3 
I im Group AI Lam Group_B Normal Group I 
Lam Group A ISD SD 
Lam Group B NSD 
Normal Group 
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3.7 DISCUSSION 
This study represents the first detailed evaluation of the radiographic anatomy of the distal limb 
of the European donkey breed. It compliments the preliminary findings reported for the 
Mammoth donkey by Walker et al. (1995). 
This assessment provides baseline data for the lateral radiograph of the normal foot and defines 
the anatomical impact of lammitis. Specifically the nature and extent of the DP dislocation have 
been objectively characterised. Univariate analyses have been conducted using traditional 
analysis techniques previously used in the horse. In addition, a novel multi-parameter approach 
has been presented. This represents the first time that these techniques have been applied to 
measurements derived from equid foot radiographs. The use of these techniques represents a 
logical progression from former methods of radiographic assessment, and has enabled a 
comprehensive appraisal of anatomical change within the foot. 
The use of a semi-automated computer-based imaging approach achieves considerable time 
saving over traditional manual quantitative assessment. Whilst control lines can be constructed 
readily, the positioning of the dorsal hoof wall marker (Eustace 1991), remodelling of the DP 
(Linford 1987) and alignment of the foot relative to the x-ray beam (Tachio et al. 2002) all 
represent potential sources of experimental error. 
The use of standard operating procedures, for foot preparation and positioning, focal length, 
beam alignment and incidence, and a single operator minimises these sources of experimental 
error, The use of a set-square, to align the x-ray machine and foot, ensured that beam incidence 
was below the critical obliquity limit of 10' reported by Koblik el al. (1988) and Tachio et al. 
(2002). Potential errors in delimiting the dorsal aspect of the DP in cases where remodelling has 
occurred, were more difficult to control and quantify. The use of reference points immediately 
distal to the extensor process and 5mm proximal to the apex of the DP minimises this error 
(Linford 1987). 
The radiographic anatomy of the European donkey foot displays broad similarities to the 
'theoretical ideal' described by Colles (1983) and Butler el al. (1998). This study also supports 
the existence of a straight HPA in the normal donkey, based upon data for the P Axis parameter, 
although the axis is more upright than that reported for the horse. 
Absolute values for key radiographic parameters within the donkey foot are markedly different 
from those reported in the horse. These suggest important species differences. In particular, the 
mean D value was greater in the donkey. This finding supports the empirical observation by 
Eley (1998,2000) that the DP of the donkey is positioned more distally within the hoof 
capsule. Hence, the extensor process of DP in the donkey hoof is not in alignment with the CB, 
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as is the case in the horse. In addition, mean integument depth, measured at the mid-point of the 
dorsal aspect of the DP, was approximately 30% greater in the donkey than those recorded in 
the pony by Cripps and Eustace (1999a). In fact, the donkey value is comparable with that 
recorded in the larger thoroughbred and warmblood breed types by Linford et al. (1993), and 
Cripps and Eustace (1999a). These results suggest that some of the radiographic guidelines for 
the interpretation of donkey radiographs, which are based on results from the pony and horse, 
should not be used. Indeed, the results suggest that new guidelines should be adopted for the 
donkey. 
These issues are of particular diagnostic and prognostic significance with regard to larninitis. 
Critical values have been proposed by O'Brien and Baker (1986), Linford (1987) and Cripps 
and Eustace (I 999b), both with regard to the diagnosis of chronic degenerative change, and the 
'likely' recovery outcome (Cripps and Eustace 1999b). 
Cripps and Eustace (1999a, b) stated that D values in the non-nal equine foot vary with breed 
type by up to 6mm, with values >8mm in 'sinker' cases. These values fall below the mean value 
recorded in this study. Indeed Cripps and Eustace (1999b) stated that D values ý! 14mrn carried a 
guarded prognosis. 
Linford et al. (1993) stated that Integument Depths >15mm were diagnostic of larninitis in 
thoroughbreds. However, these 'critical' values fall within the range for the normal donkey foot 
observed within this study. It is not known whether they reflect 'species differences' or 
subclinical laminitic change within the foot of the donkey. Given the prevalence of degenerative 
foot conditions in the UK, further and comparative radiographic assessment of the donkey in its 
native environment is required to resolve this issue. Although integument depth values in this 
study approached those reported by Walker et al. (1995), they were lower than the mean of 
22.5mm observed in the mammoth donkey. This may indicate important breed difference in this 
parameter for the donkey. 
Univariate analysis of the radiographic data for the laminitic foot indicates that the condition is 
associated with anatomical changes consistent with DP Dislocation in which capsular and 
phalangeal rotation events predominate. 
The nature of the DP dislocation is considered to be of clinical importance. Eley (1998) and Bell 
(2001 - Pers Com. ) suggested that the donkey foot could withstand DP displacement events 
more readily than rotation. This is in marked contrast with the guarded equine prognosis (Baxter 
1986) associated with DP Displacement events. 
It is unclear whether Eley (1998), or Bell (2001 - Pers Com. ), discriminated between capsular 
and phalangeal rotation. However degenerative remodelling of the DP predominated in those 
donkeys exhibiting capsular rotation (Collins - unpublished data). This may be significance as 
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DP remodelling is pathognomonic for equine Type 11 chronic founder (Eustace 1995). Coffman 
el al. (1972), Linford (1996) and Johnson et al. (2000) referred to this as refractory exacebative 
laminitis (REL). REL cases were characteristically unresponsive to treatment, and suffered from 
ongoing bouts of unremitting pain. Eley and French (1993a) have reported the prognostic 
importance of DP remodelling in the donkey. Eley (2000) stated that therapeutic strategies must 
be directed towards preventing further deterioration of the DP. 
The incidence of a blunted appearance to the DP within the normal group suggests either the 
possibility of anatomical differences between the donkey and the horse, with the donkey 
displaying extensive morphological variability, or conversely the widespread occurrence of 
subclinical laminitic change to the DP. 
The variability in the data for the laminitic donkey foot indicates considerable 'between aninial' 
variation in the anatomy of the foot. This is consistent with the views expressed by Hunt ( 1993) 
and Parks et al. (1999) concerning the varied nature of degenerative change encountered within 
chronically affected laminitic horse feet. These findings suggest the need to establish a method 
of evaluating the combined effects of this variation. 
The multivariate analysis techniques used in this study provide such a means of evaluation, both 
in terms of variable- and object-directed assessment. The PCA analysis demonstrated that the 
plane of maximum variance accounted for 70% of the total information contained within the 
measured parameters. Hence assessment in this plane affords a significant insight into the 
radiographic anatomy of the foot, individual variation, and degenerate anatomical change 
associated with laminitis. 
Confidence in the three-group categorisation can be inferred as the two distinct multivariate 
techniques, each using different methods of calculation, provide results that are in broad 
agreement (James 2002 - Pers Com. ). In addition, statistically significant 'between group' 
differences, in both PC scores, and variable profiles, further supports this partitioning. The RDA 
analyses however, not only lends support to this categorisation, but also it indicates that 
effective mathematical models can be trained to this categorisation, and that class 
discrimination, based upon these models, produce a high level of success. 
This categorisation revealed additional information regarding degenerative anatomical change 
(see Table 3.10 and Table 3.11). For example, partitioned D and D ratio data indicated 
significant DP displacement events within Group 1, compared to the Normal Group. This event 
was otherwise undetected. In addition, the degree of DP displacement was significantly greater 
in the Normal Group than in Group 2. This may indicate that subclinical laminitis, of a Group I 
nature, was present within the Normal Group. 
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Both multivariate techniques highlight differences in cluster cohesion between the laminitic 
sub-groups. This may reflect the fact that Group 2 is characterised primarily by phalangeal 
rotation, whereas Group I is characterised by a more diverse series of anatomical change 
including both capsular rotation and DP Displacement. Varying degrees of DP remodelling also 
occurred within this group. DP remodelling may directly affect absolute radiographic 
parameters and/or increase measurement error associated with control line construction, and 
thus contribute to the variation recorded within this group. 
The precise mechanisms that result in the development of anatomically distinct laminitic sub- 
groups are unknown. However Herthel and Hood (1999) have proposed models by which 
capsular and phalangeal rotation are generated within the foot, as a sequelae to laminitis. The 
functional consequences of these anatomical changes are poorly defined. Efficient locomotor 
function, devoid of pain, is likely to be dependent upon achieving optimal stress and strain 
distribution within the distal limb. The anatomical configuration of the 'ideal' HPA contributes 
towards this biomechanical objective (Balch et al. 1991, Tacchio et al. 2002). Although the 
precise biomechanical consequences have not been fully modelled, the development of a 
'broken' axis may alter this optimal balance (Balch et al. 1991, Curtis 1999). Hence differences 
in the nature of the HPA, within the laminitic sub-groups, may contribute towards the apparent 
variation in the donkey's ability to withstand displacement and rotation events. Further work is 
required to elucidate the interactions between the HPA and laminitis. 
Principle component analysis provides a visual method by which the radiographic anatomy of 
the presented foot can assessed readily, irrespective of the nature of the resultant degenerate 
change. Ongoing expansion of baseline data for both normal and laminitic feet will permit 
further refinement of our knowledge of the radiographic anatomy of the donkey foot, and the 
effects of lammitis. This will also enhance the accuracy of the mathematical models used to 
describe the different anatomical groupings, and may ultimately lead to a mathematical rule for 
diagnosis. By achieving this, together with an improved understanding of the biomechanical 
consequences of the associated anatomy, it will be possible to enhance diagnosis, assess 
severity, monitor progression, evaluate response to therapy, and thereby improve prognoses 
associated with laminitis, to the benefit of the donkey. 
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4. MORPHOLOGY AND MORPHOMETRY OF THE STRA TUM 
MEDIUM OF THE LAMINITIC DONKEY HOOF WALL 
4.1 OVERVIEW 
The equid SM exhibits an ordered structural organisatIon comprising tubular and intertubular 
horn. This structural organisation is considered to be intimately associated with the 
biornechanical functioning of the hoof wall, although the precise nature of the relationship is not 
fully understood. 
Morphologically distinct tubule types are recognised based upon differences in tubule size, 
shape, and cellular organisation. These different tubule types are organised into distinct regional 
populations that produce a zonal variation in structure across the HWD- These morphologically 
distinct zones are characterised by differences in macroscopic appearance, staining affinity, 
tubule type, and tubule numbers. Whilst the structural organisation of the equine SM is well 
documented, little is known of the corresponding organisation within the SM donkey. 
The functional significance of this zonal organisation is poorly defined. However if there is a 
structure-function relationship operating at this level of the hierarchy, then zonal differences in 
structure are likely to be associated with differences in material properties. In order to 
investigate this relationship within the donkey, there is a need to establish the zonation pattern 
for this species, and objectively characterise the defining features of the structural organisation 
of the respective zones. 
Isolated reports have detailed structural changes, at the microscopic level of the design 
hierarchy of the equine hoof wall, in association with the laminitic condition. Irregularities in 
structure have also been reported in the SM of laminitic donkey hoof wall. 
The mechanisms that are responsible for the development of these structural irregularities within 
the hoof wall are unknown. It is unclear as to whether these irregularities in structure arise as 
consequence of formational or deformational changes within the hoof. 
Pathological events associated with the progression of the lammitic condition may affect the 
normal process of controlled and co-ordinated hoof horn formation within the afflicted foot. 
This may directly lead to formational changes in structure within the SM, or alternatively, leave 
the sM susceptible to structural deformation during weightbearing. Changes in force 
distribution within the foot following digital collapse may also contribute to these structural 
changes within the SM. 
This chapter covers work associated with characterising the structural organisation of SM at the 
microscopic level of the design hierarchy, in the laminitic donkey hoof. 
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4.2 INTRODUCTION 
The formation of the SM and the intimate association that exists between the derinis and 
epidermis, and the BM that forms the dermo-epidermal junction, has been outlined in Chapter 1. 
The structural orgamsation of the SM, that comprises tubular (Tu) and intertubular (IT) hom 
fractions, is determined by the papillarform dermal modification of the coronary coria (Banks 
1993). Hoof horn production is dependent upon the dermal circulation (Bruhnke 1931, Nickel 
1938a, b 1939), and is controlled, mediated and co-ordinated by the BM (Pollitt 2002 - Pers 
Com., Bragulla 2003). 
The size, thickness and apical shape of the papillary structures have been reported to vary both 
around and across the coronary corium of the horse. Whilst the precise effect upon hom tubule 
formation has not been fully elucidated, Pellmann et al. (1993) and Bragulla (2003) stated that 
these variations were responsible for the generation of distinct tubule types. Schurnmer et al. 
(1981) stated that variations in papilla morphology were related to the 'degree' of horn 
formation, whilst Hirschberg et al. (2001) stated that hom formation was also significantly 
affected by the status of the papillary microcirculation. 
The early anatomists including Chauveau (1853), summarising the earlier work of Gurtl (1836), 
Delafond (1845) and Bouley (185 1), Fleming (187 1) and Mettam. (1896), and have described 
that the structural organisation of the SM of the hoof wall varies both across and around the hoof 
wall. 
The pioneering work of Kersting (1777) made specific reference to the ordered nature of the 
structural organisation of the SM and stated the tubular and intertubular hom was: 
related to each other in a precise manner .--" 
and commented as to the: 
11 ... individual nature of the horn tubules and their specific inter-relationship with each 
other... " 
Kersting (1777) also noted that the tubules varied in their: 
11 ... appearance, thickness (sic size) and density ... across and around the hoof wall" 
4.3 MORPHOLOGY VERSES MORPHOMETRY 
To explore the structure-function relationships that operate in the SM at the microscopic level of 
the design hierarchy, and the potential effects of the laminitic condition, there is a need to 
eftectively characterise the structural organisation of the SM. 
Two distinct approaches to characterisation of structure have emerged, namely morphology and 
morphometry. Morphology can be defined as the subjective study of form and shape, whereas 
rnorphometry can be defined as the objective science of form and shape. 
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Morphological characterisation has traditionally formed the basis by which this has been 
achieved. However there has been a tendency to be critical of the perceived subjectivity inherent 
in the field of morphology. Reilly (1995,1998,200 1) argued that hoof science had suffered as a 
direct consequence of a reliance upon subjective modes of characterisation. This author stated 
that there was a need to adopt objective measures in order to make progress. 
The emerging science of morphometry has enabled the study of form to be placed upon a 
quantitative basis. This has brought into question the validity of the morphological approach. 
However it is this author's assertion that morphology and morphometry applied together in an 
appropriate manner represent a powerful synergistic approach, and provide an effective means 
for the characterisation of structure. Indeed, Eisenmann (1986) concluded that the issue is not to 
choose on philosophical grounds between the two approaches, but to strike a balance between 
the two. To achieve this balance, it is appropriate to assess the respective merits of tile 
morphological and morphometric approach. Table 4.1 summarised the fundamental tenets of the 
respective approaches, and details their potential strengths and inherent limitations. 
Commenting upon this subject, Eisenmarm (1986) concluded that descriptive accounts, 
photographs drawings, contingency tables and measurements are equally useful to record, 
communicate and document conclusions. 
Objective measurements represent a powerful enhancement to the traditional morphological 
approach. Numbers can highlight subtle differences that are not 'visually apparent', or 
conversely, reveal form and structure that is overshadowed by other, more 'visually apparent' 
features. 
objective measurements also provide the means by which structure-function relationships can 
be explored. In this regard Vincent (1992) argued that the science of material testing of 
biological materials represents an extension of morphology (sic the characterisation of shape 
and form), and stated that: 
-... as morphology becomes more numerate, through the use of engineering to describe 
shape, so shape can be related tofunction via material and structural properties. " 
Vincent (1992) argued that the study of material properties of biomaterials (sic mechanical 
properties), to explore structure-function relationships, has the vigour of the interdisciplinary 
hybrid, and stated that it is transforming all areas of biology, particularly morphology. 
4.4 STRUCTURAL ORGANISATION OF THE STRA TUM MEDI 
To investigate the structure-function relationships within the SM effectively, there is a need to 
objectively characterise the structural organisation of the SM. 
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4.5 MORPHOLOGICAL CHARACTERISTICS OF THE STRATUMMEDIUM 
Histological examinations of the SM have revealed morphological differences in tubule fonn, 
the organisation of the IT horn fraction, and the inter-relationship between these two hom 
fractions within the SM both of the equine hoof (Tscheme 19 10, Bruhnke 193 1) and the donkey 
hoof (Hifny and Misk 1983). 
4.6 TUBULE CATEGORISATION 
Tscherne (1910), Bruhnke (1931), Nickel (1938a, b, 1939), Rossner (1940), Wilkens (1964), 
Stump (1967), Leach (1980), Bolliger (1991) and Kasapi and Gosline (1997) have variably 
described the presence of distinct tubule forms or types within the equine SM. However these 
studies have tended to adopt different morphological parameters and different classification 
terminology as the basis for tubule categorisation. This has led to considerable confusion in this 
aspect of structural characterisation. These tubule types have been variably characterised on the 
basis of tubule size, cross sectional shape, cellular organisation, and cellular orientation. Table 
4.2 summarises the principle findings of these previous morphological studies. There has been 
little progress in attempting to compare different tubule types between studies, or indeed, 
between different equid species. 
More recently Kasapi and Gosline (1997) have revisited the issue of tubule classification within 
the SM. These authors assessed the tubule morphology at the MDC of the SM in each of 6 
sequential sampling regions (la, lb, 11a, 11b, Illa, 111b), which spanned the entire HVY'D. They 
concluded that the hom tubules did indeed display a helical pattern of organisation. In addition 
these authors reported that the tubules within these sampling regions were morphologically 
distinct, and a continuous variation in tubule morphology occurred across the hoof wall depth. 
On the basis of this investigation, Kasapi and Gosline (1997) constructed diagrammatic 
representations of the 'average' structural organisation and tubule form in each of the respective 
sampling regions, that both attempted to reflect differences in cellular orientation, and also 
shape and size variation. As such, these schematics may be considered to represent a revision of 
Nickel's former tubule types. However, as photornicrographs of the different tubule types were 
not published, direct comparison with the work of Wilkens (1964) and Bolliger (1991), and 
Leach (1980) is not possible. 
Table 4.3 summaries the morphological characteristics of the Donkey Tubule Types proposed 
by Collins ef al. (2002). 
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Table 4.2 Summary table of equine tubule characterisation 
Author Tubule Type Cortical organisation Cross Tubule 
sectional Size 
shape (Relative) 
Horse 
Tscherne Outer Zone Concentrically ordered cortex of variable thickness Oval - wedge Small - Large 
(1910) Tu/IT boundary distinct 
Bruhnke Middle Zone Concentrically ordered cortex Oval-round Small 
(1931) Cell size increase progressively from marrow Tu/IT boundary distinct 
Inner Zone Distinct cortical morphology Round Very Large 
Tu/IT boundary indistinct 
Nickel VSG Inner Middle region Outer Round N/A 
1938a, b, 'predominantly region 6 cell layers region 
1939) Steep' Tubule 2 cell layers steep helical 2 cell layers 
flat helical orientation flat helical 
orientation orientation 
VFG 'Pedomonantly Inner Middle region Outer Oval -Wedge N/A 
Flat' Tubule region 2 cell layers region dependant 
2 cell layers steep helical 6 cell layers upon 
flat helical orientation flat helical prevailing 
orientation orientation forces 
Bucher Type I Tubule 'Flat pancake' cells only Oval Large 
( 1987)* 
Bolliger Type 2 Tubule 1-2 layers 'Flat Several layers Few layers of Round Small 
199 1)* pancake' cells of'Spindle 'Spindle cells' 
K6nig cells' Perpendicular to 
(200 1)* Parallel to tubule axis 
Patan tubule axis 
(2001)* 
Stump Type I Tubule N/A Round Small 
(1967) Type 11 Tubule Round Lar e 
Leach Intermediate Tubule Intermediate intermediate 
(198()) Type III Tubule Oval Small 
Kasapi and Type la Tubule Inner region Outer region Round Large 
Gosline flat helical orientation steep helical orientation 
(1997) Type IbTubule Inner region Outer region Round Large 
flat helical orientation steep helical orientation 
Type Ila, Ilb, IlIc Inner region Middle region Outer region Oval Small 
Tubules flat helical steep helical flat helical 
orientation orientation orientation 
Type IllbTubule Inner region Middle region Outer region Oval Large 
flat helical steep helical flat helical 
orientation orientation orientation 
Key: Tu - Tubular horn. IT - Intertubular horn. * After Wilkens (1964) 
Table 4.3 Summary table of donkey tubule characterisation (After Collins et aL 2002). 
Donkey 
Collins el Type I Tubule Concentrically ordered cortex of variable thickness, Oval 
al. (2002) comprising lunate cortical cells 
Collins and TAT boundary distinct 
Reilly Type 2 Tubule Concentrically ordered cortex comprising 2-4 layers of Round Very Small lunate cortical cells (2004a - f l O Lar e Subniittcd) Type 3a Tubule 2-4 layers of Expansive 2-4 layers o va g lunate cortical region of lunate cortical 
cells polyhedral cells 
TuAT boundary cortical cells 
indistinct 
Type 3b Tubule 2-4 layers of Expansive 2-4 layers of Round L2rge 
lunate cortical region of lunate cortical 
cells polyhedral cells 
Tu/I'I'boundary cortical cells 
indistinct I 
Key: Tu - Tubular hom. IT - Intertubular hom 
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4.7 ZONATION OF THE EQUINE STRATUM MEDIUM 
The SM of the equid hoof wall has been variably subdivided into distinct regions or zones. This 
zonation has been conducted both at the macroscopic and microscopic level of the design 
hierarchy. 
At the macroscopic level this has been based upon: - 
Visual appearance (Emery et al. 1977, Greenough 1982) 
Pigmentation (N6rner 1886, NAV. 1994, Dyce el al. 1987, Wagner et al. 200 1) 
0 Staining characteristics (Tscherne 1910, Bruhnke 1931, Bucher 1987, Bolliger 1991) 
At the macroscopic level zonation has been based upon: - 
Optical properties (Nickel 1938a, b) 
Birefringence (Wilkens 1955,1964) 
Tubule type (Stump 1967, Leach 1980, Kasapi and Gosline 1997) 
Tubule density (Reilly et al. 1996,1998a, Reilly 2001) 
Table 4.4 summarises proposed schemes of zonation of the equine SM. In this regard, Kasapi 
and Gosline (1997) stated that variability in 'design' within the SM was best exemplified by 
differences in tubule morphology, with tubular morphology dependent upon specific location 
both around and across the SM. This may be of particular importance with regard to hoof wall 
function, if a structure-function relationship operates at this level of the hierarchy within the SM. 
Nickel (1938a, b) considered this regional distribution of tubule types to be of fundamental 
importance. He believed that the structural organisation of the horn tubule was intimately linked 
to the biornechanical functioning of the SM. 
Indeed Kasapi and Gosline (1997) stated that although the changes in tubule morphology across 
the HWD were in general gradual, two abrupt morphological transitions were evident at their 
Ib/lla and Illa/Illb Junctions respectively. That is, transitions occurring respectively at 66.61Yo 
HWD and 12.5% HWD. 
The first transition was characterised by changes in both tubule size and design, and was evident 
macroscopically in stained sections with the unaided eye. At the microscopic level, this 
transition was marked by a palmo-dorsal reduction in the number of 'steep orientated' cortical 
cell layers, the development of an outer cortical layer, a change in cross sectional shape from 
predominantly circular to elliptical profile, and a reduction in tubule size. 
The second transition was marked at the microscopic level by an increase in the number of inner 
and outer cortical cell layers, an palmo-dorsal increase in the helical orientation of the middle 
cortical cell, and an increase in tubule size. 
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Bruhnke (193 1) stated that this three-fold zonal pattern was common to other domestic equid 
species. However, considerable variation, most notably in the relative development of the 
middle zone was evident between species. This author did not however provide any evidence in 
support of this statement, nor indeed did he confirm the particular species studied. Bolliger 
(199 1), Patan (200 1) and Kdnig (2001) stated that these zones were of equal dorso-palmar depth 
within the equine SM. 
With specific regard to the Equidae, Schummer et al. (1981) stated that the structural 
organisation and tubule morphology was fundamentally the same in both domestic and native 
equids. Kind (196 1) however reported differences both in respect of relative tubule size, and the 
zonal arrangement of hom tubules between the equine and zebra SM. 
The functional significance of this zonal organisation of different tubule types within the hoof 
wall is poorly defined. However if there is a structure-function relationship operating at this 
level of the hierarchy, then zonal differences are likely to be linked to the functional demands 
placed upon the hoof wall. Differences in structural organisation are likely to be related to 
different functional characteristics across and around the hoof wall. 
Differences in the zonation characteristics between species may indicate differences in the 
biomechanical functioning of the hoof, the loading forces placed upon the hoof, the manner in 
which these forces loads are distributed within the hoof, or the deformational response of the 
structure to these loads. These issues are discussed in the Section 4.9. 
4.8 THE MORPHOLOGICAL APPEARANCE OF THE DONKEY HOOF 
WALL 
Knowledge of the structural organisation and tubular morphology of the SM in the donkey is 
extremely limited. Consequently there has been reliance upon a small number of dated 
publications most notably the work of Doguer (1943), Tohara (1948) and Hifny and Misk 
(1983). 
Doguer (1943) commented upon the macroscopic appearance of the SM, stating that it was 
divided into an outer 'lighter' region and a 'darker' inner region. This macroscopic appearance 
differs from that given for the horse by ANON (1994). Tohara (1948) stated that the relative 
transverse size of the horn tubules of the donkey were larger sic 'thicker' than those seen in the 
horse. 
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Table 4.4 Zonation of the Stratum medium of the equine hoof wall 
Author Methodology 0% 
Basis of zonation HWD 
N6mer Macroscopic 
(1886) Appearance Zona 
ANON Pigmentation pignienlosa 
(1994) 
Tscheme Light Microscopy Outer Zone Middle Zone 
(1910) Staining 
Rbssner Characteristics 
(I 940ý 
100% 
HWD 
7ona 
nonpignienlosa 
Inner Zone 
Nickel Macroscopic Dark zone Light zone Dark zone 
(I 938a, b, Appearance 
1939) Optical Properties 
Staining 
Characteristics 
Incl. SE Different refractive indices Incl. S1 
--ýiickel Light/ Polarised Outer Zone I I Transitional - Inner Zone 
(I 938a, b) Microscopy Oval +- Round tubules Region Large round tubules 
Schroth Tubule Mainly VFG Tubules (not to scale) Mainly VSG Tubules 
(2000) Morphology Transitional 
Morphology 
Pigment if present Non pigmented - Leach Light/ Polarised Outer Zone Inten-nediate zone Inner Zone 
(1980) Microscopy Type 3 tubules (not to scale) Round Tubules 
After Tubule Oval <- Round Transitional tubule Type 2 Type I T 
Stump Morphology forms between Tubules Tu bules I T 
I 
(1967) Type 2 and 3 " Sn '111 Large " 
Emery et al. Macroscopic Outer Zone Middle Zone Inner Zone 
(1977) Appearance Small Oval Tubules Small Round Tubules Large Round Tubules 
Greenough Wilkens Type Wilkens Type Wilkens Type 
(1982) Zona nonpigmentosa 
Water Line 
Bolliger Light/ Polarised Outer Zone Middle Zone Inner Zone 
(1991) Microscopy Type I tubules - Type I tubules Type 11 tubules 
After Tubule oval *- round small round large round 
Wilkens Morphology IT horn at 45'to 
(1964) Tubule axis 
Kasapiand Light/ Polarised 
Gosline Microscopy 
(1997) Tubule 
Morphology 
Region Region Region Region Region I Region 
Illb Ilia Ilb Ila lb i [a 
Large Small Small Small Large Large 
Oval Oval Oval Oval Round Round 
Type III Type III Type 11 Type II Type I Type I 
tubules tubules tubules tubules 
_ _. 
tubules tubules 
variation in tunuie morpnojogy across iml) 
Abrupt Morphology rransitions at lb/lIa and lIla/lIlb 
125 
At the microscopic levels Hifny and Misk (1983) reported the presence of 2 distinct 
tubule forms that varied in respect of cross sectional profile, relative size, and cortical 
organisation. These were: - 
0 Large round tubules - characterised by a narrow medulla and a2 zone cortex 
comprising an expansive light inner region, surrounded by a narrow dark outer 
region 
0 Small oval tubules - characterised by a narrow medulla surrounded by a light 
cortical region. 
These authors concluded that the donkey SM could be divided into two distinct zones, 
based upon the regional distribution of these tubule types, and the relative proportion and 
visual appearance of the IT hom fraction. This two-fold zonal pattern was characterised 
by: - 
The Outer Zone - characterised by small oval tubules with a relatively large 
proportion of IT hom, of 'dark' appearance, with the cross sectional profile of the 
tubules becoming progressively more elliptical towards the outer aspect of the 
hoof wall. 
The Inner Zone - Characterised by large round tubules with relatively small 
proportion of IT horn. IT horn of 'light' appearance 
However, the relative dorso-palmar extent of these respective zones was not stated, nor 
indeed was the location of the zonal boundary detailed. 
Recent work including Reilly (1997), Collins et al. (1998,2002), Hopegood (2002), 
Reilly et al. (2003 - Submitted) and Collins and Reilly (2004b - Submitted) have further 
characterised the organisation of the SM of the donkey hoof wall, and challenged the 
earlier findings of Doguer (1943) and Hifhy and Misk (1983). 
Collins el al. (2002) and Collins and Reilly (2004 - Submitted) have reported the 
presence of three distinct tubule types in the Donkey SM. These were referred to 
respectively as Donkey Tubule Types 1,2 and 3 respectively. This three-fold 
categorisation was based upon cortical cell morphology, with a further sub-division of the 
Type 3 tubule based upon the cross sectional profile of the tubule. The Type 3a tubule 
was characterised by an oval cross sectional profile, whilst the Type 3b tubule displayed a 
circular cross sectional profile (see Figure 4.1). 
The Donkey Type I Tubule resembled that of the Type III described for the horse by 
Kasapi and Gosline (1997), whilst the Tubule Types 3a and 3b resembled Kasapi and 
Gosline's Type I and Type 11 tubules respectively. The donkey Type 2 Tubule has not 
been previously reported for the horse. 
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The Donkey Type I Tubule resembled that of the Type III described for the horse by Kasapi 
and Gosline (1997), whilst the Donkey Tubule Types 3a and 3b, resembled Kasapi and 
Gosline's Type I and Type 11 tubules respectively. The Donkey Type 2 Tubule has not been 
previously reported for the horse. 
Collins and Reilly (2004a - Submitted) proposed a three-fold zonation pattern for the donkey 
SM based upon the regional distribution of these tubule types across the HWD (see Figure 1.17). 
This represents a further refinement to that proposed by Hifhy and Misk (1993). Collins el al. 
(2002) concluded that these findings highlighted 'species specific' differences in the design 
hierarchy of the hoof wall between the donkey and the horse. These differences were most 
evident in the macroscopic appearance of the SM, and reflected 'between species' differences in 
the zonal distribution of tubule types across the HWD. Preliminary work associated with this 
thesis, Collins (1999 - Unpublished data) indicated zonal boundaries at the MDC of the donkey 
hoof wall occurred at -25 and 40% HWD. These zonal boundaries were different to those 
reported for the horse either by Kasapi and Gosline (1997), or Bolliger (199 1), Patan (200 1) and 
K6nig (2001). 
4.9 FUNCTIONAL MORPHOLOGY 
Considerable debate exists as to the functional significance of the structural organisation of TU 
and IT horn fractions, the different tubule types, and the zonal pattern of tubule distribution 
evident within the SM of the equid hoof wall. 
Two fundamentally different approaches have been adopted in order to interpret the functional 
mechanics of the hoof wall. The 'Anatomical approach' has interpreted function in terms of 
anatomy at the level of the tubule (e. g. Nickel 1938a, b, 1939). This approach has focused upon 
the micromechanics of hoof wall function. Conversely the 'Materials Science approach', has 
sought to elucidate the macromechanical functioning of the hoof wall, by attempting to relate 
anatomy to function at the level of the hoof capsule (e. g. Betram. and Gosline 1987). The latter 
approach is covered within Chapter 5 of this thesis. 
Nickel (1938a, b, 1939) stated that the arrangement of Tu and IT horn was of primary functional 
importance in stress transfer and resilience within the hoof. This author hypothesised that the 
horn tubules acted as struts, offering axial resistance to vertical compressive forces generated 
during weightbearing. In this regard, Leach (1980) stated that the horn tubules augmented the 
rigidity of IT horn, whilst the IT horn fraction maintained mechanical stability within the SM 
(Klema 1937). Leach (1980) argued that this arrangement represented a compromise between 
the need to provide rigid strength and the need to store energy. However, this author concluded 
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that the relative importance of the two components, in determining the mechanical properties of 
the equine hoof wall, remained unknown. 
Nickel (1938a, b) argued that differences in the structural morphology of the different tubule 
types resulted in different micromechanical properties. These functional interpretations however 
remain an area of considerable scientific debate (Reilly 1995). Indeed, Kasapi and Gosline 
(1997) stated that the coupling of morphological form and function at micromechanical level 
has been largely conjectural. In fact Wilkens (1964) argued that it was inappropriate to 
extrapolate morphology to function in the absence of supportive empirical data. 
More recently however, Newlyn et al. (1999) and Kasapi and Gosline (1999) have provided 
objective data that lends support to the Nickel's theory of tubular micromechanics. Newlyn et 
al. (1999) published a theoretical mathematical model of the outer region of the SM, which 
indicated that the structural organisation of the hoof horn material into horn tubules produced a 
30% increase in axial resistance to applied load compared to a 'no structure' model - See 
Chapter 6. This modelled evaluation was subsequently supported by the experimental work of 
Kasapi and Gosline (1999). These authors reported significant differences in the modulus of 
elasticity, a measure of axial resistance, between Tu and IT horn fractions, and also between 
different tubule types across the HWD in the equine hoof 
Bertram and Gosline (1986), Reilly et al. (1996,1998a) and Kasapi and Gosline (1997) have 
suggested that the structural organisation of the SM may also serve to prevent crack 
propagation. Bertram and Gosline (1986) reported that the fracture behaviour of the SM was 
dominated by crack progression through the IT horn fraction. Hence de-bonding along the Tu. /IT 
interface would act as an effective crack stopping mechanism. 
There is little detailed information as the functional significance of zonation within the hoof 
wall. However, if the structural organisation of Tu and IT horn fraction does indeed determine 
the biomechanical functioning of the hoof wall, then zonal variations in structural organisation 
are likely to exhibit different functional characteristics (Reilly et al. 1996 1998a, Newlyn et al. 
1999,2004 - Submitted). 
Ottaway (1955), summarising the earlier work of Nickel (1938a, 1939), argued that the dorso- 
palmar variations in structural organisation affects the ability of the hoof wall to accommodate 
'thrust'. Indeed Rooney (1978,1980) stated that the zonal organisation within the SM was 
directly related to differences in the nature of the loading forces generated within the hoof wall 
during weight bearing. Reilly el al. (1996) also suggested that this zonal variation determined 
the manner in which these loading forces were accommodated within the hoof wall, and was 
responsible for achieving smooth and painless force transfer between the ground and the 
skeleton. 
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Kasapi and Gosline (1996) and Reilly et al. (1996) have suggested that the SM might operate in 
a manner similar to a multi-laminar ply, with the transition between zones marked by decreased 
cohesion. Delamination. at these zonal interfaces would also serve to absorb energy, and thus 
provide an additional crack stopping mechanism within the hoof wall. 
4.10 POTENTIAL EFFECTS OF THE LAMINITIC CONDITION UPON THE 
STRUCTURAL ORGANISATION OF THE STRATUM MEDIUM 
Reilly et al. (1998b) argued that structural changes might occur within the SM of the equid hoof 
wall associated with the laminitic condition. The acute phase of the condition is marked by the 
disruption of the normal blood supply to the foot. This can lead to vascular compromise, tissue 
damage and degenerative changes within the dermal tissues of the foot. As the metabolic 
processes associated with hoof horn formation have to be supported by diffusion from the 
dermis (Leach 1980, Bragulla et al. 1992), hoof hom formation may be adversely affected. In 
fact Hirschberg et al. (2001) stated that even minor changes to the dermal microcirculation lead 
to reactive changes within the overlying epidermis. 
The progression of the condition within the laminar region of the foot is also associated with the 
disruption of the denno-epidermal junction (Pollitt 1995), and degeneration of the BM (Pollitt 
1996,1998b, Pollitt and Daradka 1998, Johnson et al. 1998,2000). This can lead to the total 
separation of the epidermis from the dermis. It is not known whether this event occurs within 
the coronary corium. However Johnson et al. (1998) doubted whether BM degradation would be 
solely restricted to the laminar eoria. Indeed papillae separation within the coronary coria has 
been reported in association with the laminitic condition by Eustace (1992) and Hood (1999a). 
Degenerative changes within the dermo-epidermal junction of the coronary corium may also 
adversely affect control and co-ordination hoof horn formation within the SM. 
The chronic phase of the larninitic condition is marked by the anatomical dislocation of the DP, 
which initiates the development of secondary pathologies within the foot. These changes, 
described in detail in Chapter 1, variably include compression of the coronary corium, dorso- 
palmar stretching of the corium, and reorientation of the dermal papillae. The consequences of 
these pathological changes upon subsequent horn production, and the structural organisation of 
the laminitic hoof horn material, are yet to be fully investigated (Reilly et al. 1998b). However 
changes to the gross anatomical appearance of the laminitic hoof capsule indicate alterations to 
the normal process of hoof horn fon-nation. 
Laminitis is widely accepted to result in the production of 'inferior quality' horn, which is 
incapable of achieving normal hoof function (Bragulla et al. 1992, Reilly and Kempson 1992). 
if hoof wall function is deten-nined by the structural organisation within the design hierarchy, 
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then structural changes at the microscopic level are to be anticipated in the laminitic hoof wall 
(Reilly et al. 1998b, Collins et al. 2002). Similarly changes in normal hoof horn formation 
and/or force distribution within the laminitic may leave the hoof wall susceptible to deformation 
changes in structure during weightbearing. 
Empirical evidence lends support to this assertion of structural change within the SM. For 
example, Mostafa (1986), Nakade et al. (1992) and Said et al. (1992) have referred to 
'irregularities' in the horn tubules of laminitic equine hoof horn. However details were not 
given. 
Commenting upon the subject of pathological change, Ruldolf Virchow (cited by Ranther 1966) 
stated that quantitative changes of existing structures are more likely to occur rather than the 
formation of completely new structures. Hence there is a need to adopt a morphometric 
approach to ensure an effective characterisation of structural change. This is dependent upon 
devising appropriate measurements strategies. Given the fact that pathological events are 
inextricably linked to alterations in normal function, it is appropriate to focus upon those 
parameters where change is likely to result in functional alteration. These issues are discussed in 
Section 4.14. 
The alteration in hoof horn production associated with the laminitic condition is also marked by 
changes in the macroscopic structure of the hoof wall. These changes include a dorso-palmar 
thickening of the hoof wall. This increase in HWD is widely accepted to result from the dorso- 
palmar elongation of the coronary corium following DP dislocation. This macroscopic change 
in structure may represent a useful pathognomonic marker for the condition. However this 
increase in HWD, associated with the laminitic condition has not been objectively assessed. 
Variations in HWD may be an important contributor to the structure-function relationships that 
govern hoof function. This is because the response of a loaded body is dependent not only upon 
its material properties, but also on the amount of material present. Vincent (1995 - Unpublished 
data) recorded a linear relationship between equid bodyweight (Bwt) and dorso-palmar HWD, 
whilst Hopegood (2002) presented an algorithm for the normal donkey that described 85% of 
variation between HWD at the MDC, and Bwt, where: 
HWD(mm) = 0.73 + 0.0328Bwt(kg) 
'rhus with prior knowledge of donkey Bwt, the effects of the laminitic condition upon HWD at 
the MDC can be objectively assessed. 
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4.11 MORPHOMETRIC CHARACTERISTICS OF THE EQUINE STRATUM 
MEDIUM 
It is widely accepted that the SM displays an ordered structural organisation at the microscopic 
level of the design hierarchy, and that the size and shape of the horn tubules vary both around 
and across the hoof wall. However knowledge of the precise morphometric characteristics of the 
equine SM is limited. 
Chauveau (1853) published the first morphometric data relating to the equine hoof wall. This 
author stated that the cross sectional diameter of the horn tubules ranged in a dorso-palmar 
direction from 0.02 - 0.4mm. Peuche and Lesbre (1855) reported tubule diameter values 
ranging from 0.15 - 0.5mm, and marrow diameter values of 0.02 - 0.05mm (Cited by Tscheme 
1910). 
Whilst the early work of Chauveau (1853) and Peuche and Lesbre (1855) objectively recorded 
the variation in tubule diameters, it was not unti I the later work of Tscherne ( 1910) and Rbssner 
(1940) that a detailed understanding of the morphometric characteristics of the equine SM 
across the HWD was achieved. 
These studies measured a series of clearly defined morphometric parameters. These included 
both linear and area 'feature' specific measurements and 'field' specific characteristics. 
However the selection criteria for these parameters appeared to have been arbitrary. Similarly 
Tscherne (1910) and R6ssner (1940) detailed the structural organisation of the SM at the inner, 
middle and outer zones, for the dorsal aspect of the hoof wall (MDC), and the quarters and heels 
respectively. However results were restricted to small sample fields, and to a small number of 
individuals. 
it is only with the recent advent of computer technology that the limitations of these earlier 
studies have been overcome, and progress made towards achieving a comprehensive 
morphometric characterisation. of the SM. Although the recent work of Pellmann et al. (1993), 
Kasapi and Gosline (1997), Mostafa and El-Ghoul (1999), Schroth (2000), Patan (2001), K6nig 
(2001) and Reilly (2001) have added greatly to the knowledge base, the morphometric 
characterisation of the equid SM is still in its infancy. 
There has however been a lack of a unified approach, with different researchers adopting 
different methods and measurement criteria (See Table 4.5). This has resulted in the emergence 
of confusing and/or contradictory tenninology and modes of reporting data. Consequently direct 
comparisons 'between studies' are difficult and must be viewed with caution. A standardised 
methodology and reporting system must therefore be adopted if further progress is to be 
achieved. 
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Table 4.5 Summary table of 'feature' and 'field' specific morphometric 
parameters used to detail the structural organisation of the hoof horn 
'Feature' Specific Parameters 
Parameter Derinition Authors 
Diameter of Tubule or Marrow The diameter of the specified feature 1,2,5,6 
Cortical Thickness The linear difference between the tubule and marrow diameters. 1,2,5 
Defined as the linear distance from the marrow cortical boundary to 
the tubular intertubular boundary measured along the diameter 
Major axis of Tubule or 1"he linear distance of the major axis of the ellipse of the specified 1,2,4,7 
Marrow feature 
Minor axis of Tubule or ne linear distance of the minor axis of an ellipse of the specified 4,7 
M arrow feature. Orthogonal to the major axis 
Max: Min Tubule axes ratio ne ratio of the Maximum to Minimum tubule axes 4,7 
Circumfential axis of Tubule I'lie linear distance of the axis of the ellipse in the medio-lateral 4 
or Marrow plane 
Radial axis of Tubule or The linear distance of the axis of the ellipse in the sagittal plane 4 
M arrow 
Tubule Area Area enclosed by the outer perimeter of the cortex - the tubular 3,4*, 5*, 7*, 8*, 9, 
intertubular boundary 10 
Marrow Area Area enclosed by the inner perimeter of the cortex - the marrow 4*, 5*, 7*, 8*, 9,10 
I cortical boundary 
Cortical area Area enclosed between the marrow cortical boundary and the tubular 4*, 5*, 7*, 8*, 9,10 
intertubular boundary 
Thickness of Tubule Cortical Thickness of the respective Cortical cell subregions in the direction 4 
Lamellae Type of the max Tubule axis 
'Field' Specific Parameters 
Parameter Definition Author 
Tubule Density The number of tubules per unit area 1,2,3,6,7,9 
Quotient of Marrow to Tubule Marrow area as a fraction of the total tubule area 5,9,10 
area 
Marrow to Tubule area The ratio of the tubule to marrow area 4,9,10 
ratio/quotient 
Marrow to Cortex area ratio The ratio of the tubule to marrow area 7,8 
Quotient of Marrow to Tubule Marrow diameter as a fraction of the tubule diameter 5 
diameter 
Tubule to Marrow diameter The ratio of the tubule to marrow diameters 6 
ratio 
Max Marrow axis to Thickness ne Max Marrow axis expressed as a quotient of the thickness of the 5 
of Cortex cortex 
Thickness of Cortex to Max The thickness of the cortex expressed as a quotient of the max 5 
Tubule Axis Tubule axis 
Tubule Area fraction The total tubule area as a fraction of the total field area - often 2,3,6,7,9,10 
expressed in percentage terms 
IT Area Fraction The total IT hom area as a fraction of the total field area - often 2,3,6,7,9,10 
expressed in percentage terms 
Marrow Area fraction The total marrow area as a fraction of the total field area - often 6,9,10 
expressed in percentage terms - - Cortical Area Fraction The total cortical area as a fraction of the total field area - often 4 *ý6,9,10 
expressed in percentage terms 
Surface Density The product of the mean tubule area and the number of tubules per 5 
(After Leuenberger and unit area (TD) 
Martig 1979) 
Key: 1. Tscherne (1910) 2. Rossner (1940) 3. Pellmann etaL (1993)4. Kasapi and Gosline (1997) 5. Mostal'a an El-Ghoul 
(1999) 6. Schroth (2000) 7. Patan (2001) 8. Konig (2001) 9. Reilly (2001) 10. Collins 1997,1998 - unpublished data 
* Derived from first principles *1 Total Field area - Total Marrow Area 
'Fable 4.6,4.7 and 4.8 summarises previously reported zonal morphometric characteristics for 
the equine SM at the MDC. A common reporting system has been adopted In order to facilitate a 
guarded comparison between the respective studies. However no comparative information exists 
for the donkey despite the apparent 'between species' differences in morphological appearance 
and zonal organisation described in Chapterl of this thesis. 
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4.12 FACTORS AFFECTING THE MORPHOMETRIC CHARACTERISTICS 
OF THE EQUINE STRATUM MEDIUM 
The precise factors that control the morphometric characteristics remain an area of scientific 
conjecture. A number of specific factors have been variably reported these are summarised in 
Table 4.9. 
4.13 THE EFFECTS OF LAMINITIS ON THE MORPHOMETRIC 
CHARACTERISTICS OF THE EQUID STRATUM MEDIUM 
The pathophysiology and anatomical changes that can occur within the foot in association with 
the development and progression of the laminitic condition have the potential to affect the 
morphometric characteristics of the SM (Reilly et al. 1998b, Collins et al. 2002). 
Changes to these morphometric characteristics are likely to affect the material properties of the 
hoof wall, and thereby alter the functional capabilities of the hoof capsule (Reilly et al. 1998b, 
Newlyn et al. 1999, Collins et al. 2002). 
If specific structure-function relationships exist, then the degree of functional impairment may 
be commensurate with the degree of morphometric change. This may also relate directly to the 
nature and extent of the degenerative changes evident within the afflicted foot, and the severity 
of the condition. Despite these issues, there is little knowledge of the precise effect of the 
laminitic condition upon the morphometric characterisation of the equine SM. 
Hence there is a need to develop an understanding of the interaction between the morphometric 
characteristics of the SM and the nature and severity of the larninitic insult. 
This approach offers several distinct advantages: - 
0 An unbiased objective means of structural assessment 
0A dataset which lends itself to statistical analysis - hence subtle changes can be 
detected 
0 The degree of change can be related to the extent of the anatomical change 
9 The potential to investigate the effect of structural changes upon the material 
properties of the hoof wall 
The potential to model and predict effects upon the functionality of the hoof and the 
foot 
The work of Mostafa and El-Ghoul (1999) represents the only detailed morphometric 
assessment of laminitic hoof hom. These authors investigated the effect of grain induced 
laminitis on the morphometric characteristics of the SM in a controlled trial during the first 75 
days of the condition. 
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Table 4.9 Summary table of reported determinants of the morphometric 
characteristics of the equine Stratum medium 
Factor Summary 
Organogenesis and Schurnmer et al. (198 1) stated 
the Morphology of 0 Size and shape of papilla affects degree of horn production and tubule size the dermal papilla 
0 Variation in papillae size and shape around and across the coronary corium 
Shape of apical tip of papillae varies across / around the coronary corium 
Precise control mechanism of supra- and peripapillary horn production unknown. 
Location Tscheme (1910) reported 
Variation in morphometric characteristics of the SM around / across the hoof wal I. 
Variations in morphometric characteristics 'within' and 'between' zones. 
Species and Breed Fleming (187 1) stated 
0 Warmbloods had larger tubules, and fewer tubules per unit area c. f. Coldbloods , Between species and breed differences noted in the zonal morphometric characteristics 
previously reported for 
Equus caballus (Konig 2001) 
Equus przewalskii (Patan 200 1 
Native Pony (Reilly 2001) 
Age Schurnmer et al. (198 1) stated 
* Tubule size increases with age, and tubule numbers decrease 
Schoth (2001) reported 
* Cortical size increases with age, and IT percentage decreases 
Body weight (bwt) Reilly (2001) reported 
0 Significant correlation between bwt and Zone 3 tubule area measurements 
Hoofshape Riissner ( 1940) reported 
Differences in 'field' and 'feature' morphometric characteristics between 'base 
wide' and 'base narrow' hooves 
Depth of Hoof Wall R6ssner ( 1940) suggested 
* Potential relationship between morphometric characteristics and HWD. 
Potential significance to laminitic condition given increase in dorso-palmar wall depth as 
sequela to DP Dislocation 
Hoof Quality Tscheme (19 10) reported 
Poor quality' hoof hom associated with large marrow area 
Good quality' hoof displays greater cortical thickness 
Potential significance to laminitis given association of condition with the production ol" 
poor.. quality' hoof hom 
Nutrition Speculative presence of nutrition - hoof hom axis (Geyer and Leu 1988, Geyer and 
Schultze 1994). Dittrich el al. (1994) and Reilly (200 1) reported 
0 SDs in morphometric parameters following biotin supplementation 
---iTlisease Sliatus Isolated accounts suggest potential link between disease status and morphometric 
characteristics. Pollitt ( 1995) reported: 
0 Absence of normal tubular structure associated with digital abscessation 
Collins (1997) noted: 
0 SD in tubular area sizes and tubular area fraction in larninitic pony horn compared 
with normal baseline pony data 
Season Patan (2001) and Budras et al. (2003a) reported a Seasonal effect on hoof wall 
morphometric characteristics 
Other Potential Beko (1967), Pflug (1978), Waltz (1979), Pflug et al. (1980) and Disil el at (1982) have 
Factors variably reported that Environment, Housing, and Heredity also influence the 
morphometric characteristics of bovine hoof wall. 
Waltz (1979), Pflug el al. (1980) and Distl et al. (1982) also reported differences between 
the morphometric characteristics of the hoof wall in the fore and hind limb 
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These authors reported statistically significant differences in morphometric characteristics 
between laminitic horses (n = 10) and a control group of 'normal' horses (n=10). The findings 
of this study indicated significantly lower values (P<0.05) in maximum tubule diameter, cortical 
thickness and the quotient of cortical thickness to maximum tubule diameter for the laminitic 
group. In addition, significantly greater values (P<0.05) were recorded within this group in 
maximum marrow diameter, quotient of marrow diameter to cortical thickness, quotient of 
marrow diameter to maximum tubule diameter, marrow area, and quotient of marrow area to 
tubule area. 
No significant difference were recorded in tubule area or surface density between the larninitic 
and control groups, however there was an apparent trend towards lower values within the 
laminitic group. Collins (1997) however, recorded significantly lower tubule area measurements 
and tubule area fraction data in laminitic pony hoof horn compared to normal baseline data for 
the pony. Mostafa and El-Ghoul (1999) also assessed the variation in morphometric 
characteristics of the laminitic group over time. Morphometric assessments were performed at 
Day 1,2,6,10,20,30,40 and 75. However specific details relating to the precise sample site, 
and the sampling technique employed, were not described. 
These authors reported statistically significant findings at Day 2 and 6 including decreases in 
surface density and cortical thickness, and corresponding increases in marrow and tubule areas, 
and in the marrow to tubule area quotient. Thereafter these authors described the variation in 
morphometric characteristics over time was described as: 
........ inconstant significant changes ....... from 10 to 75 days. 
There are however, a number of critical concerns relating to this study. It is unclear whether the 
analysis represented the full HWD, or a specific dorso-palmar location within the SM. One may 
assume that as these authors compare TD values with those reported by Tscherne (1910) and 
R6ssner (1940) for the inner zone, that their study relates to this region. If this is the case, then 
the reported mean tubule area measurements of -3500ýtm 2 appears to be an order of magnitude 
lower than other reported values for this zone. 
It is also unclear as to why baseline normal data was not obtained from the laminitic group prior 
to the inducement of the condition. In this way, the respective horses would serve as their own 
internal controls. Hence this would have removed the need for a separate 'normal' group and 
would have controlled for potential covariate effects highlighted in Section 4.12 and given in 
'Fable 4.9. 
With specific regard to the statistical analyses used in this study, it was noted that parametric 
testing techniques were employed throughout, even for the assessment of restricted data. It is 
also unclear how accurate sampling of this material over time was achieved, and indeed how it 
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was possible to accurately discriminate horn production separated by as little as 24 hours. In 
addition, 'feature' specific morphornetry is dependent upon orthogonal sectioning relative to the 
tubular axis. Conversely contemporaneous growth intuitively follows the curvilinear dorso- 
palmar profile of the coronary corium. Hence it is unexplained how material prepared in an 
orthogonal plane can represent a definitive and contemporaneous time frame. 
4.14 A MECHANICAL CONSIDERATION OF STRUCTURE AND 
PARAMETER SELECTION CRITERIA 
Effective morphometric characterisation of structure can only be achieved if measurements are 
performed upon an appropriate series of clearly defined parameters that are of functional 
significance. Achieving this end represents a key challenge. Section 4.9 emphasised the fact that 
a considered mechanical approach to parameter selection was required. Only in this way will it 
be possible to elucidate the structure-function relationships evident within the SM. By adopting 
this approach, morphometric differences associated with specific digital pathologies will 
potentially be of biornechanical relevance. 
Hence there is a need to identify those parameters that are likely to be of biomechanical 
significance. The structural organisation evident within the microscopic level of the design 
hierarchy of the SM can be assumed to act both at a macro- and micromechanical level. The 
application of basic engineering principles can, by first approximation, suggest several key 
measurement parameters that are likely to be of functional significance at the macro- and 
micromechanical level (Newlyn el aL 1999). 
it can be argued that the key functional role of the SM is that of accommodating and ultimately 
resisting the forces associated with static and dynamic weight bearing. Hence the ability of the 
structure to offer axial resistance without excessive deformation or catastrophic failure is of 
paramount functional importance. In this regard, Newlyn et aL (1999) suggested that composite 
material theory might offer the opportunity to further elucidate the structure-function 
relationships within the SM. 
if the SM act as a unidirectional fibre composite at the macromechanical level, then its 
resistance to axial loading will be determined by the modulus of elasticity, and volume 
fractions, of the respective fibre and matrix phases (see Appendix 1). Thus the 'field specific' 
parameters of the volume fractions of the tubular and intertubular horn represent important 
structural characteristics at the macromechanical level. 
In addition laminate composite theory dictates that difference in axial resistance between 
laminates will affect the manner in which loading forces are accommodated within the structure. 
Hence it is essential that volume fraction quantification be performed for each structurally 
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distinct sub-region. Thus the zonal characterisation of structure across the HWD is vital in order 
to assess fully the macromechanics of the SM. 
At the micromechanical level, the functional capabilities of a composite material are affected by 
'feature' specific structural characteristics, as opposed to 'field' specific characteristics. These 
'feature' specific characteristics govern the precise manner in which loading forces are 
accommodated within the structure, and significantly affect potential modes of failure of the 
structure. 
As the hoof wall is subject to compressive forces, its ability to resist buckling is of primary 
importance with regards to 'likely mode of failure' (see Appendix 1). Resistance to buckling is 
dependent upon the amount of material resisting the axial load. The critical Euler buckling load 
in a strut of given length is proportional to the square of the minimum cross sectional 
dimension. Hence the absolute value of the minimum cross sectional tubule axis will be of 
critical functional importance within the SM. If however, the horn tubules posses a medullary 
cavity, then resistance to Euler buckling will be dependent both upon the thickness of the 
cortex, and also the distribution of the cortical material with respect to the central axis of the 
tubule. Thus the marrow and tubule diameters constitute important measurement parameters, as 
these collectively define the limits from which the second moment of area (1) of the cortical 
material is calculated. The second moment of area represents the 'effective' distribution of the 
material within a hollow tube (Vincent 1992). 
Failure by local buckling however is independent of I, and is solely dependent upon the 
thickness of the cortex. 
Buckling theory also suggest that the size and shape of the tubules are of importance in terms of 
stress concentration within the structure. Hence the major to minor axis ratio, and the cross 
sectional area of the respective horn tubules may also be of functional significance 
The presence of voids within a material leads to the development of stress concentration at the 
material/void interface during loading. This is of particular relevance with regards to crack 
initiation and propagation. A measure of the void space within the structure therefore represents 
another potentially important morphometric characteristic. Indeed the fundamental engineering 
issues raised by the presence of medullary cavities may account for the apparent relationship 
described by Geyer and Leu (1988), Geyer and Schulz (1994) and Zenker et al. (1995), that 
'poor quality' hoof horn is characterised by the presence of enlarged marrows. 
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4.15 DETERMINATION OF VOLUME FRACTION DATA FROM TWO- 
DIMENSIONAL PLANIMETRY OF HISTOLOGY SECTIONS 
Morphometric evaluation of the SM by planimetry can only provide area fraction data of 
specific morphological features. However the Delesse principle states: 
Y_ Area of Feature / Total Sampling Area =E Volume of Feature / Total Sampling Volume 
Hence area fraction data obtained in this way, will equate to the corresponding volume fraction 
of the measured feature. Thus it is possible to compute the volume fraction of a specific feature 
within a body from the two-dimensional assessment of histology sections. 
4.16 SELECTED PARAMETERS OF STRUCTURE WITHIN THE STRA TUM 
MEDI 
Based upon the biomechanical considerations discussed in Section 4.9 and 4.14, and the 
stereological considerations outlined in Section 4.15, a series of direct and derived area and 
linear morphometric parameters were adopted. These parameters, which are detailed in Table 
4.10 and Table 4.11 along with their selection criteria, were considered to be of primary 
importance for the elucidation of the structure-function relationships within the SM. The 'field' 
and 'feature' specific parameters formed the basis for a comprehensive characterisatioll of 
structure in transverse section. In summary these parameters were: - 
0 Area fraction of the Tu and IT horn 
0 Area fraction of the cortical and marrow horn components 
0 Absolute cross-sectional area measurements of the horn tubules and their respective 
cortical and marrow horn components (referred to as the absolute area of the specified 
morphological feature) 
0 Major and minor axes of the horn tubules 
Ratio of the major: minor tubule axes 
Marrow axes 
Quotient of marrow to tubule area 
4.17 RATIONAL 
In order to evaluate the structure-function relationships at the microscopic levels of the design 
hierarchy in the SM of the Donkey hoof wall there is a need to conduct a comprehensive 
morphological appraisal of the SM. There is specifically a need to: - 
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0 Objectively characterise the different tubule types 
0 Detail their respective distribution within the SM 
0 Assess the appropriateness of zonation based upon morphological variation 
With this in place, it will be possible to: - 
0 Establish similarities/differences in the structural organisation of the SM between the 
donkey and other equids 
" Objectively assess the association between the nature and extent of the DP dislocation 
and the structural organisation of the SM 
" Investigate the associations between specific morphological characteristics and 
material properties, and moisture levels 
" Identify an appropriate basis for further investigating dorso-palmar variations in these 
material properties and moisture levels 
" Provide baseline data so that the macro- and micromechanical functioning of the SM 
can be further investigated through computer modelling techniques 
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4.18 AIMS 
The aims of this chapter were to: - 
Assess the morphological characteristics of structure within the SM of laminitic 
donkey hoof horn at a precisely defined anatomical location within the MDC sampling 
site 
Detennine the morphometric characteristics of the structural organ'sation of the SAI of 
larninitic donkey hoof hom. 
Specifically to measure by direct means: - 
- Area fraction of the Tu and IT horn, and the marrow and cortical components 
- Absolute area of the horn tubules, and the marrow and cortical components 
- Major and minor axes of the horn tubules 
- Major and minor marrow axes 
To Derive, by indirect means: - 
- Area fraction of the cortical hom components 
- Absolute area of the cortical hom components 
- Cortical thickness in the direction of the major and minor tubule axes 
Define the zonal morphometric characteristics of structure of laminitic donkey hoof 
hom at this site 
Explore the empirical relationship between nature and extent of DP dislocation and 
morphometry by investigating the effect of 'group' upon zonal rnorphometric 
characteristics 
Explore the effect of Age and bodyweight upon these characteristics 
Obtain baseline data to further explore the functional morphology of laminitic donkey 
hoofhorn 
4.19 MATERIALS AND METHODS 
4.19.1 HOOF WALL MORPHOLOGY 
An initial morphological appraisal was conducted, as part of the preliminary stage of the 
experimental phase of thesis, to establish the dorso-palmar variation in the morphological 
appearance of the SM of the laminitic donkey hoof wall. This was performed on histology 
sections prepared from the MDC sampling site at 50% HWH, as described in Chapter 2. In 
particular, this assessment documented the morphological appearance of the horn tubules of the 
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SM, the regional distribution of different tubule types, and described irregularities in structure 
within the SM of the hoof wall. Irregularities in structure were defined as a structural 
organisation that did not conform to the recognised or 'accepted' organisation of tubular and 
intertubular hom as described by Collins and Reilly (2004a - Submitted). This preliminary 
appraisal was conducted on histology sections obtained from the left forefoot of 9 randomly 
selected laminitic donkeys, which had been euthanased on medical grounds. 
4.19.2 HOOF WALL MORPHOMETRY 
With the preliminary morphological appraisal completed, the tubule types established and the 
zonal pattern of the SM established, the morphometric characterisation of structure could be 
initiated. 
A three stage semi-automated method was developed that provides both 'feature' specific and 
'field' specific data for the SM of hoof wall. This included absolute dimensional measurements 
of marrow, cortex and tubule, and area fraction information for the tubular and intertubular 
components and marrow to tubule ratio. 
Images of AB-PAS stained sections were captured in 8-bit greyscale to produce images in 256 
grey scale. Preliminary trials revealed that, in common with many biological materials, there 
was insufficient grey scale contrast between the structural features to permit automated object 
discrimination. Consequently a manual segmentation approach was employed to overcome this 
limitation. 
However, there was an inherent problem with such an approach. In order to be able to define 
accurately the structural features of the hoof wall high power magnification was required. The 
decision to use powerful objectives meant that the number of features within a given field of 
view was reduced. A compromise therefore has to be reached between magnification levels 
required to permit feature discrimination and feature numbers required for the sample to be 
considered representative of the structure. Initial image acquisition was performed with a4x 
objective and a 3.3 x photo-eyepiece. This combined with a 1.25 x gain arising from the 
configuration of the trinoccular microscope head, resulted in a total magnification of -20 x. 
4.19.2.1 PIXEL CALIBRATION OF THE IMAGE ANALYSIS SYSTEM 
The image analysis system was calibrated with respect to the total magnification using the 
captured image of a stage micrometer. A pixel count of a known micrometer distance was made 
both in the horizontal (x) and vertical (y) direction. This enabled two important calibration 
calculations to be carried out. These were firstly the pixel count per unit length and secondly, 
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the aspect ratio. The aspect ratio is the ratio between the pixel count per length in the x-direction 
compared to that in the y-direction. 
4.19.2.2 CORRECTION PROCEDURE FOR VARIATION IN LIGHT INTENSITY 
As uniform illumination is recognised to be an important determinant in accurate boundary 
definition, a 'blank field' capture was performed. The resultant image was considered to 
represent uniform white light. All subsequent images are then displayed in 256 grey scale 
relative to this baseline level of illumination. In this way it was possible to control for any 
inherent variation in light intensity within the microscope, and also the effects of ambient 
lighting. 
4.19.2.3 REPRESENTATIVE SAMPLING 
An inherent problem exists with regards to morphometric characterisation. In order to be able to 
accurately define the tubule boundary, high power magnification Is required. However, by using 
high power objectives, it is not possible to capture the full HWD of each zone within the field of 
observation. 
Therefore, an effective method of representative sampling was sought that would provide an 
accurate defined and repeatable sampling location within each respective zone. It was decided to 
sample at the midpoint of each respective zone as determined by tubule type at a total image 
magnification of x 20. 
ESTABLISHING THE POSITION OF 0% HWD AT THE MDC 
The MDC marker at the dorsal margin of the hoof wall section was aligned with the cross hair 
of the ocular graticule. Thereby centring the section within the field of view, with the plane of 
the MDC registered in the y-direction of the microscope stage. This position was regarded as 0 
%HWD, and marked the dorsal boundary of Zone 1. The position of the slide in the y-direction 
was recorded directly from the vernier scale of the microscope stage. 
DETERMINATION OF THE ZONE I SAMPLING SITE 
The section was moved in the y-dIrection until the cross hair of the graticule was aligned with 
the first Type 3b Tubule. This was regarded as marking the boundary between Zones I and 2. 
The corresponding position of the microscope stage was recorded from the vernier scale. The 
midpoint of Zone I was therefore calculated as 50% of the total distance travelled by the 
microscope stage in the y-direction. 
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DETERMINATION OF THE ZONE 2 SAMPLING SITE 
The section was moved in the y-direction until the cross hairs of the ocular graticule were 
aligned with the first Type 2a Tubule. This position was considered to mark the Zone 2/3 
boundary. The position of the microscope stage was once more recorded and the mid-zonal 
sampling site determined as 50% of the y-directional travel from the Zone 1/2 boundary. 
DETERMINATION OF THE ZONE 3 SAMPLING SITE 
The slide was moved in the y-direction until the cross hairs of the ocular graticule were aligned 
with the apical tip of the dermal lamellae. This position was regarded as 100 %HWD, and 
marked the palmar boundary of Zone 3. The zonal mid-point was determined as 50% of the 
distance travelled from the Zone 2/3 boundary to the 100 %HWD boundary. 
In this manner described above the midpoint sampling sites for Zones 1,2 and 3 were 
established. This procedure enabled accurate and repeatable mid-zonal sampling between 
individuals. The stage was moved in tern to each of these three respective sampling sites, by 
direct reference to the vernier scale of the microscope stage prior to image capture. 
DETERMINATION OF THE DORSO-PALMAR DEPTH OF THE STRATUM MEDIUM 
The total distance traved by the microscope slide in the y-direction ftom the 0% HWD reference 
point to 100 % HWD reference point was recorded from the vernier scale of the microscope 
stage. This linear distance, which represented the dorso-palmar depth of the SM, was referred to 
as the HWD of the sample. 
4.19.2.4 IMAGE CAPTURE WITHIN EACH ZONE 
A similar balance has to be struck between the ability to accurately define the morphological 
boundaries of the tubular hom components and attaining an acceptable number of horn tubule 
measurements. Two distinct approaches are possible. These are: - 
Low magnification image capture with subsequent boundary enhancement through image 
processing ( as adopted by Reilly 2001) 
High magiffication image capture with subsequent image tiling and minimal image 
processing 
The latter option was adopted in this thesis. The specific protocol for each respective zone 
reflected the significant variation in absolute tubule size evident between zones. 
In this regard, 2 sequential images in the x-direction were obtained in respect of both Zones I 
and 2. However in Zone 3, a2 x-direction by 2 y-direction series of sequential fields were 
produced, with the y-directional images attained palmar of the mid-zonal site. The resultant 
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images were captured and 'stitched' to produce a 2xl image montage for Zones I and 2 
respectively and a 2x2 Image montage for Zone 3. 
4.19.2.5 MORPHOMETRIC ANALYSIS 
The captured images were imported into the NIH-Image program and subsequently analysed 
through the computer interface. Images were processed and enhanced prior to analysis in order 
to improve edge detection, thereby aiding manual discrimination. A standardised procedure of 
image processing was adopted to ensure consistency of operation. Such consistency Is a vital 
prerequisite for accurate 'between sample' comparisons (Weibel 1979, Russ 1992). Tile image 
processing procedure involved passing the captured image through a 'Smoothing' operatiori 
once, and then a single 'Sharpening'. Having completed this process a three-stage analysis was 
initiated (see Figure 4.2A-D). 
STAGE I MARROW DISCRIMINATION 
The internal margin of the tubule was used to delimit the tubule marrow/medullary cavity. 
Discrimination of the marrow was achieved by outlined this margin using the free hand drawing 
tool. The enclosed area was then 'shaded' by allocating an arbitrary grey value (see Figure 4.2 
B). The resultant image was segmented, using the 'Density Slice' processing function, to leave 
only areas possessing the grey scale value selected in the shading process for further analysis 
and measurement. The resultant image contained not only the desired 'true particles' i. e. the 
medullary features, but also other false particles of the same grey value. Two methods of image 
editing were employed in order to remove these 'false particles' and achieve successful 
segmentation prior to measurement. Firstly, particle discrimination limits were set such that 
only objects measuring between 99-9999 pixel units were selected. The 'true particles' were 
then numbered using the labelling option in preparation for measurement and a copy of this 
image was stored on hard disc, prior to measurement. 
STAGE 2 TUBULE DISCRIMINATION 
The outlining procedure was repeated for the external tubule margin but in this case the cortico- 
intertubular interface was not readily discernible. Those cells whose margin arched around the 
tubule were considered to be cortical, whereas those cells whose margins arched away from the 
tubule were adjudged to be intertubular hom. On this basis, the tubules were delimited. Once 
this had been completed for each tubule, the object was shaded as for the marrow, Similar 
segmentation and discrimination procedures to Stage I were adopted to separate 'true' froin 
'false particles' prior to labelling (see Figure 4.2C). 
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STAGE 3 TOTAL AREA DETERMINATION 
The total area of the image was calculated by outlining the perimeter of the image taking into 
account edge effects. Only those tubules that completely fell within the image were considered 
as 'true particles'. Part tubules at the edge of the field of view were excluded from the 
measurement process, being considered as 'false particles'. The enclosed area was shaded and 
labelled as described previously (See Figure 4.21)). It is important to note that these edge effects 
result in an over estimation of the intertubular horn area fraction, as it is not possible to quantify 
the area of intertubular hom associated with the part tubules. 
MEASUREMENT 
Measurement criteria were selected to include area measurements, and lengths of the major and 
minor axes, of the discriminated/labelled features. Having previously established pixel 
calibration criteria, all measurements were automatically converted to ýiM2 and ýLrn respectively 
for the axes and area. Having established the marrow and corresponding tubule measurements, 
the cortical values were obtained by difference. The resultant data were stored for subsequent 
analysis. In this way, a 'field' specific, and 'feature' specific objective assessment of hoof horn 
structure was possible to provide a macroscopic and microscopic structural characterisation of 
the SM. 
Figure 4.3 summarises the procedure for 'field' specific, area fraction determination of the hoof 
horn components within the SM of the hoof wall, based upon this image analysis technique. 
Conversely Figure 4.4 gives a diagrammatic representation of the direct 'feature' specific area 
and linear measurement parameters of horn tubule structure. 
SEMI-AUTOMATION 
Following the successful development of this technique a 'macro' program was designed to 
automate the image editing and measurement procedures, after the initial manual discrimination 
of the structural components. 
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Figure 4.4 Direct area and linear 'feature' specific parameters of horn tubule 
structure 
I 
" ---i' I" 
Key: 1, Marrow Area measurement. 2, Tubule Area Measurement. 3, Major axis of the horn tubule, 
Tu(MA). 4, Minor axis of the horn tubule, Tu(MA). 5, Major axis of the marrow, Ma(MA). 6, Minor axis 
of the marrow, Ma(MI). 7, Cortical thickness in the 
direction of the major axis of the horn tubule, 
co(MAT), 8, Cortical thickness in the direction of the major axis of the horn tubule, Co(MIT). 
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4.19.3 MORPHOMETRIC CHARACTERISATION OF MATERIAL DERIVED 
FROM THE MAIN EXPERIMENTAL PHASE OF THE PROJECT 
A morphometric characterisation was performed on the samples originating from the main 
experimental stage of the experimental phase of thesis. This was conducted at the MDC site 
using histology sections prepared from the Morphometry Sample Block as detailed in Section 
2.3.7 and 2.3.9 (see Figure 2.5). Morphometric characterisation was conducted at the zonal 
midpoints of the three respective zones in accordance with the methodology detailed throughout 
Sections 4.19.2. 
4.19.4 STATISTICAL METHODS AND ANALYSES 
Statistical methods followed the convention given in Section 3.5.1. Descriptive statistics are 
presented in accordance with the appropriate statistical descriptors. Hence mean values (+/- sd) 
are given for normally distributed continuous data, whilst median values (IQ ranges) and min- 
max ranges are given for either non-normal distributed continuous or restricted data. Normality 
of continuous data was assessed using the Anderson-Darling Normality test at an alpha level of 
0.05. 
Nonparametric statistical testing was conducted on all restricted data and on continuous data 
that displayed a non-normal distribution. Nonparametric pairwise comparisons were assessed 
using Mann-Whitney testing. Multiple comparisons were conducted using Kruskal-Wallis 
testing, the non-parametric equivalent of ANOVA, with 'between class' comparisons by Mann- 
Whitney testing with a Bonferrom correction for multiple 'between class' comparisons. 
Parametric statistical testing was only used on continuous data that displayed normal 
distribution. Where data were both continuous and normally distributed, either parametric 2 
sample T-tests were used, or in the case of multiple comparisons, one-way analysis of variance 
(ANOVA), with pairwise comparisons by Tukey testing. 
In all cases 2 tailed test conditions were adopted, at a 5% significance level. 
Hence the null hypotheses under these test conditions were: 
H'- There is no statistical difference between classes (A=B) 
Set against the alternative hypotheses: 
H'- there is a statistical difference between groups (A#-B). 
In addition, age and bodyweight interactions were assessed by correlation and regression 
analyses. 
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4.20 RESULTS 
4.20.1 MORPHOLOGICAL APPRAISAL OF THE STRA TUMMEDIUM 
The structural organisation of the SM was consistent with the 3-zoned donkey pattern proposed 
by Collins et al. (2002), based upon the regional distribution of morphologically distinct tubule 
types across the dorso-palmar HWD. Donkey Type 1,2,3a and 3b Tubules were evident in all 
sections. Zone I (ZI) was charactensed by presence of Type I Tubules, and Zone 3 (D) by 
Type 3b Tubules. A relatively narrow region, Zone 2 (Z2), that contained Type 2 and Type 3a 
Tubules, separated these two morphologically distinct zones. 
4.20.1.1 STRUCTURAL IRREGULARITIES WITHIN THE STRATUM MEDIUM 
Although the general structural organisation of the SM in laminitic cases conformed to that 
proposed by Collins et al. (2002), examples of unconventional tubular forms were observed in 
all cases. These structural irregulanties, which are illustrated in Figure 4.5, included the 
following: - 
1. Multi-Marrowed Type I Tubule (MMT I) 
These structures consist of 2 medullae contained within a common cellular cortex to form a 
single, unified, morphological unit (see Figure 4.5A). The cortical organisation is consistent 
with the Type I Tubule. 
2. Multi-Marrowed Type 3 Tubule (MMT3) 
These structures comprised of 2 or more medullae contained within a common cellular cortex 
(see Figure 4.513). Each medulla was however surrounded by 2-3 cortical cell layers, contained 
within this common cortex. The common cortex displayed a cellular organisation consistent 
with the Type 3 Tubule. 
3. Multi-Type 3 Tubule complex (MT3Q 
These structures consisted of 2 or more horn tubules linked together to form a single complex 
(see Figure 4.5C). These structures differed from the MMT in that an extensive cellular cortex 
surrounded each respective medulla, and the common cellular cortex observed in the MMT was 
absent. The cortical organisation is consistent with the Type 3 Tubule. 
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Figure 4.5 Structural irregularities of the Stratum medium in latninitic donkey hoof horn. 
A. Multi-Marrowed Type I Tubule (MMT I). 
B. Multi-Marrowed Type 3 Tubule (MMT3) 
C. Multi-Type 3 Tubule Complex (MT3C) 
D. Wavy Tubule (WT). 
Wolf- - ;4, 
E. Tubule Void (TV) - Note degradation of the tubule cortex. 
F. Mis-shapped or Misaligned Tubule (MT). 
G. Enlarged Marrow (EM). 
H. Enlarged Type 3 Tubule (ET) with loss of normal cortical organisation. 
1. Aberrant Tubule (AT). 
, '. - '7 "': ' 
J. Aberrant Tubules with regional absence of tubular hom structure (*) 
4. Wavy Tubule (WT) 
These structures were characterised by a 'wavy' form that appeared as elongated positively 
stained elements within the SM (See Figure 4.5D). The cortical and medullary components of 
these structures were not readily discernible. 
5. Tubular Void (TV) 
These structures appeared as 'voids' within the SM (see Figure 4.5E). The voids were bounded 
by an intensely stained cortical remnant. 
6. Mis-shapped or Misaligned Tubules (MT) 
These structures were consistent with the 'accepted' form of the horn tubule. However their 
cross sectional profiles displayed an atypical shape, or a preferred alignment or orientation that 
differed from that previously reported for the SM (see Figure 4.5F). 
7. Enlarged Marrow (EM) 
These enlargements occurred within Type I and 3 Tubules (see Figure 4.5G). These structures 
were characterised by a markedly large marrow, compared with that typically observed In that 
tubule type. Enlargements appeared either as an expanded medullary cavity or as an intensely 
stained marrow cell mass. 
8. Enlarged Tubule (ET) 
These structures displayed a structural organisation consistent with that of the Type I Tubules, 
except that they were markedly larger in size. These structures differed from the EM 
irregularities in that both the cortex and the marrow were enlarged. Marrow enlargement within 
Type 3 Tubules was often associated with disruption to the normal cortical organisation of this 
tubule type (see Figure 4.5H). 
9. Aberrant Tubules (AT) 
The AT appeared as an intense positively stained, rod-shaped medullary cell mass that lacked an 
obvious cellular cortex (see Figure 4.51). These structures were aligned within the SM in a 
dorso-palmar direction. This irregularity was associated with the regional absence of a non-nal 
tubular horn structure, referred to as ATH (see Figure 4.5J). 
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LOCATION AND INCIDENCE OF STRUCTURAL IRREGULARITIES 
The occurrence, location and associations between the different structural irregularities 
observed within and between the SM of the sample group individuals are summarised in Table 
4.12. Structural irregularities differed between individuals, and consistent patterns of location 
were not evident. Table 4.12 highlights the non-specific nature of the incidence of the different 
structural irregularities, both 'within' and 'between' individuals. 
Multi-marrow tubules were observed within all zones, although MMTI and MMT3 did not 
always occur concurrently. The, MTC and TV irregularities were only recorded within D of the 
SM. These were irregularly distributed throughout D. Conversely the MMT3 irregularities were 
primarily restricted to a narrow region located either within and adjacent to the Z2, and/or to the 
inner aspect of the D. 
The WT and AT irregularities were only observed within the Z I. These structures were present 
either as isolated elements surrounded by normal horn tubules or they formed a thin band 
situated within the ZI. The AT form however were observed only as disparate and isolated 
structures situated within regions of the ZI that were otherwise devoid of a normal tubular horn 
structure (ATH). 
The MS irregularity was observed both in ZI and 3 of the SM. In ZI of the SM the alignment of 
the major axis of these structures was at variance with the 'accepted' medio-lateral orientation. 
Whereas within D of the SM these structures displayed an oval cross sectional profile that was 
in marked contrast with the normal round cross section found in this zone. 
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4.20.2 MORPHOMETRIC CHARACTERISTICS OF MATERIAL DERIVED 
FROM THE MAIN EXPERIMENTAL PHASE OF PROJECT 
4.20.2.1 DORSO-PALMAR HOOF WALL DEPTH OF THE STRA TUM MEDIUM 
The dorso-palmar hoof wall depth of the Stratum medium (HWD) ranged from 5.27 to 13.34mm 
with a mean of a median of 8.85mm (IQ 7.83-10.27). 21 of the 23 animals displayed HWD 
values in excess of those predicted by the algorithm of Hopegood (2002). One individual 
displayed a HWD value that corresponded with the predicted value, and one individual 
displayed a lower HWD value that predicted. The HWD values exhibited an inhomogenous 
distribution that contrasted with the normal distribution of the predicted HWD values. The 
median difference between actual and predicted values was 2.1mm (IQ 1.8-4.4) with values 
ranging from -1.0 to 11.1 mm. 
4.20.2.2 'FIELD' AND 'FEATURE' SPECIFIC AREA MEASUREMENTS 
MARPOW AREA MEASUREMENTS 
ZONE I 
ZI marrow area (Ma Area) measurements ranged from 133.6-4245pm 2. The Ma Area displayed 
a non-normal distribution with positive skew (skewness value = 0.6) i. e. mean > median, and a 
kurtosis of 0.5. Assessment of the normal probability plot indicated that there was a tendency 
for the distribution of the Ma Area to be 'lighter' (less numerous) at lower area values, and 
'heavier' (more numerous) at high Ma Area sizes, than would be expected in a normal 
distribution. The median ZI Ma Area was 1158.1ýtm' with an IQ range 702-1642 ýLM2 - An 
evaluation of the box plot representation of the ZI Ma Area revealed a number of outliers that 
display large area values (see Figure 4.6). 
ZONE 2 
The Z2 Ma Area displayed a non-normal distribution, with a positive skew. However the nature 
of the distribution was more extreme than that observed in ZI. The skewness value in Z2 was 
2.8, with a corresponding kurtosis of 16.34. The normal probability plot indicated a greater 
tendency for Ma Area values to be 'lighter' at low area values and more numerous at higher 
area values. Ma Area values ranged from 131-8901ý=2 with a median Ma Area measurement 
of 1219ýtm2. The IQ range in Z2 was 837 -1700ptm2. Outliers at 
high Ma Area values were also 
evident within this zone (see Figure 4.6). 
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ZONE 3 
The Ma Area distribution in D also displayed a non-normal distribution with a positive skew. 
The skewness and kurtosis values at 1.5 and 2.3 respectively, were Intermediate between those 
recorded in ZI and Z2. The spread of Ma Area sizes ranged from 200-6143 ýtM2' with a median 
of 121 9ýtM2 and an IQ range of 906-2205 ýtM2 . The normal probability plot for this zone also 
indicated that the distribution was lighter at the extreme lower area values and 'heavier' at tile 
higher values. Outliers at high area values were evident within D (see Figure 4.6). 
Figure 4.6 Boxplot comparison of median Marrow Area measurements qLM2 ) by 
zone 
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ZONAL MARROW AREA COMPARISONS 
The zonal variation in Ma Area measurements is given in Figure 4.11. 'Between zone' 
comparisons by Kruskal-Wallis testing revealed a significant difference in median zonal Ma 
Area measurements (P<0.005). Pairwise comparisons by Mann-Whitney testing revealed 
significant differences in median Ma Area measurements between all zones (P<0.05) - see 
Figure 4.6. 
TUBULE AREA MEASUREMENTS 
ZONE I 
ZI tubule area (Tu Area) measurements ranged from 306-34237 4M2. The Tu Area 
measurements displayed a non-normal distribution with a positive skew and kurtosis of I-I and 
1.2 respectively. There was a tendency for the distribution to be 'lighter' at lower area values. 
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The median ZI Tu Area measurement was 6197 ýtM2, with an IQ range of 3005-10135ýtrn 2. The 
boxplot distribution reveals a number of outliers at larger area values (see Figure 4.7). 
ZONE 2 
Z2 Tu Area measurements displayed a non-normal distribution with a modest positive skew of 
0.5. The normal probability plot revealed the tail to be 'lighter' at the lower tubule values. The 
median Tu Area recorded in this zone was 16187 uM2 with an associated IQ range of 5740- 
27269ýtM2 
. 
The spread of the data was greater than that observed in Z1, with Tu Area sizes 
ranging from 547-62833 ýtM2. 
ZONE 3 
Z3 tubules ranged from 737 - 141745 ýtM2. Once more, the Tu Area measurements displayed a 
non-normal distribution with a modest positive skew at 0.6. The normal probability plot also 
indicated that the distribution was 'lighter' at the lower area values. The median Tu Area value 
within this zone was 40065 ýim`, with an IQ range of 25307- 57177 ý, M2. 
ZONAL TUBULE AREA COMPARISONS 
Figure 4.12 illustrates the zonal variation in Tu Area measurements statistically significant 
'between zone' differences were evident in median Tu Area measurements (P<0.05) - see 
Figure 4.12. Pairwise zonal comparisons revealed significant differences between the median 
Tu Area measurements of all zones (P<0.05). 
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Figure 4.7 Boxplot comparison of median Tubule Area measurements (AM2 ) by 
zone 
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CORTICAL AREA MEASUREMENTS 
ZONAL DESCRIPTIONS 
ZI Cortical area (Co Area) measurements ranged from 23-32917ýtm2 and displayed a non- 
normal distribution with a positive skew of 1.5. The median Co Area within this zone was 
4918ýtnl, 2 with an IQ range of 1956-8894iim2. The Co Area measurements within Z2 similarly 
displayed a non-normal distribution ranging from 15-61899gm2 with a median of 15848 Ptm2 
and an IQ range of 5605-25220gm2. Co Area measurements in D also displayed a non-normal 
distribution with area measurements that ranged from 157-141064M2. The median Co Area 
measurement in D was 394371tm2 and an IQ range of 157-141064gm2. Analyses of the 
respective normality plots revealed that the distribution in all zones were 'lighter' within tile 
lower area range. 
ZONAL CORTICAL AREA COMPARISONS 
Figure 4.8 presents the zonal variation in Co Area measurements. Kruskal-Wallis testing 
revealed a statistically significant between zone difference in median cortical area 
measurements (P<0.05). Subsequent pairwise comparisons indicated that significant differences 
were present between all zones (P<0.05). 
50000 
159 
Figure 4.8 Boxplot comparison of median Cortical Area measurements (jim) by 
zone 
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MARROW AREA FRACTION 
The marrow area fraction (MaAF) within ZI ranged from 0.012-0.050 with a median value of 
0.033 and an IQ range of 0.023-0.044. This compared to a min-max range within Z2 of 0.011- 
0.040. The median marrow area fraction within this zone was 0.018 with a corresponding IQ 
range of 0.014-0.024. The zonal marrow area fraction within D ranged from 0.005-0.027 with a 
median of 0.0 13 and an IQ range of 0.008-0.019. 
Figure 4.9 presents the zonal variation in MaAF. The 'between zone' difference was statistically 
significant (P<0.005). Pairwise comparisons revealed statistically significant distances in 
median MaAF between all zones. 
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Figure 4.9 Boxplot comparison of Marrow Area Fraction by zone 
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TUBULE AREA FRACTION 
The median tubule area fraction (TuAF) measurements for ZI, 2 and 3 were 0.224,0.256 and 
0.340 respectively - see Figure 4.10. The corresponding zonal IQ ranges were 0.140-0.256, 
0.237-0.293, and 0.316-0.369. Kruskal-Wallis testing indicated a statistically significant 
'between zone' difference in the TuAF measurements (P<0.05). 
Pairwise comparisons revealed that statistically significant differences were present between all 
zones (P<0.05). 
CORTICAL AREA FRACTION 
The median cortical area fraction (CoAF) measurements for the three zones were 0.173,0.236 
and 0.317 respectively with IQ ranges of 0.100-0.227,0.215-0.269, and 0.356-0.297 (see Figure 
4.11). A statistically significant 'between zone' difference was present (P< 0.05). Subsequent 
pairwise comparisons indicated statistically significant differences between all zones (P<0.05). 
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Figure 4.10 Boxplot comparison of Tubule Area Fraction by zone 
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Figure 4.11 Boxplot comparison of Cortical Area Fraction by zone 
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4.20.2.3 TEATURE9 SPECIFIC LINEAR AND AREA MEASUREMENTS 
Comparison of the median linear and area 'feature' specific data given in Table 4.13 revealed 
tile 'zone specific' nature of the morphometric characteristics of structure of the horn tubules. 
The ZI tubules were relatively small in comparison to the horn tubules of the other zones. They 
were characterised by a relatively large marrow to tubule quotient, Ma: Tu(%) at -17%, a 
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marked oval cross sectional profile with a major to minor tubule axis ratio, Tu(MA: Ml) of -3.0, 
and a tubule to marrow major axis ratio, Tu: Ma(MA), and minor axis ratio, Tu: Ma(MI), of -3.0 
and 2.0 respectively. Cortical thickness in the direction of the major and minor tubule axes, 
Co(MAT) and Co(MIT) respectively, were relatively small with median values of 50 and 13pm 
respectively. The ratio of the cortical thickness in the direction of the major and minor axes was 
-4: 1. 
The Z2 tubules displayed a median size intermediate between the relatively small tubule of ZI 
and the relatively large tubules of D. The Z2 tubules were characterised by a median Ma: Tu(%) 
at 7.17%, a modest oval cross sectional profile with Tu(MA: MI) at -1-8: 1. The cortical 
thickness was greater than the ZI tubule, with median Co(MAT) and Co(MIT) values of - 75 
and 35ýtm respectively, The ratio of the cortical thickness in the direction of the major and 
minor axes within this zone was -2: 1. 
The Z3 tubules were relatively large with median Tu(MA) and Tu(MI) respectively at 106 and 
80ýtm. They displayed a relatively small Ma: Tu(%) at -4.0%, a circular cross sectional profile, 
with a Tu(MA: MI) ratio approaching unity (1.27: 1), and a large cortical thickness, with values 
of 106 and 80 gm in the direction of the major and minor tubule axis respectively. The cortical 
thickness ratio for the D tubule was 1.2: 1. 
Significant 'between zone' differences were confirmed in all feature specific variables defining 
the morphometric characteristics of horn tubule structure. (P<0.05), with the exception of the 
Ma(MA) parameter. 
Further analyses of these significant 'between zone' differences revealed that significant 
differences were present in median values between all zones (P<0.05), apart from the Ma(MI) 
parameter where differences only occurred between ZI and Z2, and ZI and D. The median 
Ma(MI) values for ZI were lower than those recorded in Z2 and D. 
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Table 4.13 Summary table of the area and linear 'feature' specific morphometric 
characteristics of horn tubule structure by zone 
Parameter Zone 
Zone I Zone 2 Zone 3 
Ma: Tu(%) 17.101 7.172 357ýý 
Marrow to Tubule (13.24 - 21.25) (5.60- 9.97) (2.19-5.47) 
Quotient (%) 7.37- 31.23 4.40- 14.96 1.80- 8.51 
Tu(MA) 158.41 198.52 262.83 
Tubule Major Axis (137.38-185.01) (171.4-232.6) (229.7-284.7) 
(Im') 92,06- 209.17 136.5 - 14724.2 198.7-313.0 
- Tu(MI) 52.981 99.4' 208: ir 
Tubule Minor Axis (45-02-66.70) (86.1-124.0) (186.3 -222.2) 
(ýtM) 20.15- 86.38 79.6-132.6 136.8- 243.6 
Tu (MA: MI) 2.931 1.782 1.27 3 
Major to Minor (2.41-3.30) (1.70-2.07) (1.19-1.38) 
Tubule Axis Ratio 1.90-4.21 1.59-3.05 1.15-1.49 
Ma(MA) 51.5' 43.71 41.61 
Marrow Maý *or Axis (48.7- 60.4) (41.7-50.6) (38.12-60.41) 
, (pm ) 38.4-65.5 34.1-92.4 33.05 -67.42 
Ma(MI) 26.61 33 . 02 35.12 
Marrow Minor Axis (24.7-29.9) (31.2-37.9) (32.5 -51.9) 
(ýtM) 12.1-35.9 26.5-56.8 27.9-61.2 
Tu: Ma(MA) 2.851 4.43 2 5.33 3 
Tubule to Marrow (2.62-3.21) (3.71-4.9) (4.53- 6.952) 
Major Axis Ratio 2.01-4-39 3.28- 337.55 3.65-7.93 
Tu: Ma(MI) 1.981 2.812 4.72 3 
Tubule to Marrow (1.67-2.20) (2.59-3.45) (3.89-6.54) 
Minor Axis Ratio 1.52-2.94 2.19-4.04 3,22-7.22 
Co(MAT) 53.21 77.6 2 106.21 
Cortical Thickness (42.6-62.8) (64.9-90.3) (92.3- 118.1) 
Major Axis (ýtm) 25.3-80.7 47.9-7340.6 75.7-129.9 
Co(MIT) 13.01 34.2 2 80.6 3 
Cortical Thickness (9.6-17.7) (26.9-40.6) (67.3-91.7) 
Minor Axis (pm) 4.1-28.9 23.1-47.5 48.1-98.7 
Key: Parameters are detmed in Table 4.1 Oand Table 4.11. 
Data, Bold - Median. (AA-1313) - IQ Range. AA-1313 - Min, Max Range. 
Subscripts, different numbers denote significant difference between zones (P<0.05). 
These results confirmed a dorso-palmar zonal increase in the Tu: Ma(%), Tu(MA), Tu(MI), 
Tu: Ma(MA), Tu: Ma(MI), Co(MAT) and Co(MIT) parameters of horn tubule structure. 
Conversely there was a dorso-palmar zonal decrease in Ma: Tu(%) and Tu(MA: MI) parameters 
of tubule structure. 
4.20.2.4 AGE AND BODYWEIGHT EFFECTS ON THE MORPHOMETRIC 
CHARACTERISTICS OF THE STRATUMMEDIUM 
There was no relationship between age, and the morphometric characteristics that defined the 
structural organisation of the SM, however significant associations with bodyweight were 
recorded. These inter-relationships are considered further in Chapter 7. 
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4.20.2.5 DORSO-PALMAR HOOF WALL DEPTH OF THE STRATUM MEDIUM OF 
LAMINITIC GROUPS I AND 2 
The dorso-palmar hoof wall depth of the Stratum medium (HWD) for each of the Laminitic 
Groups are given in Table 4.14, along with the corresponding predicted HWD values derived 
from Hopegood's algorithm. Both groups displayed median actual HWD values in excess of 
predicted values, with a median difference of 4.4 and 2.0min respectively for Group] and Group 
2. 'Within group' comparisons indicated a significant difference (P<0.05) between actual and 
predicted values for both groups. 
Table 4.14 Summary table of Predicted and Actual HWD of the Stratum medium 
for Laminitic Group 1 and 2 
Laminifi c Group 
Group I Group 2 
Actual HWD Predicted HWD Difference Actual HWD Predicted HWD Difference 
(mm) (mm) (mm) 
- (mm) 
(mm) 
10.5' 6.12 4.4 8.71 6.62 2.0 
(7.7-13.4) (5.3-6.5) (1.9-7.6) (7.9-9.2) (6.2-7.8) (0.1-2.4) 
5.3-17.3 4.6-6.6 -1.00-11.1 7.7-9.5 5.3-8.6 0.0-3.5 
ftCy; 1JULd, 13UIU - IVICU1411. ktAn-Do) - iy mange. AA-t5ij - iviin, max Kange. 
Different numbers denote significant difference between actual and predicted values within group 
(P<0.05). 
4.20.2.6 THE MORPHOMETRIC CHARACTERISTICS OF THE STR, 4 TUM MEDIUM OF 
LAMINITIC GROUPS 1 AND 2 
Group descriptive statistics for the two respective laminitic groups are summarised below in 
Table 4.15. The median zonal Ma area measurements for Laminitic Group I were 1007,1269 
and 1649 ýtM2 respectively. These compared with zonal values of 1230,1190 and 1068 PM2 for 
Group 2. 
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Table 4.15 Summary table of zonal area measurements, and area fraction data, for 
the marrow tubular and cortical horn components for Laminitic Group 1 and 2 
Laminitic Group I Laminitic Groue 2 
Median iQ RanEe Min - Max 
-Median ----TIQ Range Min -Max 
Parameter .. Marrow Absolute Area Measurement Marrow Absolute Area Measurement 
ZI (ýtm') 1007 476-1438 146-3077 1230 835-1754 134-4245 
Z2 ([tM2) 1269 869-1773 131-8901 1190 828-1664 131 -3688 
Z3 (ptM2) 1649 1099-2450 200-6143 1068 841-1682 360 - 4777- 
Parameter Tubule Absolute Area Measurement Tubule Absolute Area Measurement 
ZI (VIM2) 4962 1800-8651 465-34237 6780 3952-11398 - 306-28929 
Z2 (VIM2) 14273 25391-4613 624-60399 18245 7353-28020 547-62883 
D (tM) 35321 55786-22091 737-141745 44573 30017-58523 2789-02710 
Parameter Cortex Absolute Area Measurement _ Cortex Absolute Area Measurement 
Z1 5159 1307-7511 33-32917 5481 2801-9971 23-27644 
Z2 15283 3373-23333 15-58874 18642 7645-26844 77- 61899 
D (VtM2) 38057 19751-53161 157-141064 43220 28650-56709 1574-98250 
Parameter Marrow Area Fraction Marrow Area Fraction 
zi 0.028 0.012-0.033 0.012-0.047 0.038 0.029-0.049 0.019-0.050 
Z2 0.021 0.015-0.024 0.012-0.040 0.020 0.014-0.028 0.011-0.039 
D 0.017 0.015-0.024 0.006-0.027 0.011 0.007-0.018 0.005-0.021 
Parameter Tubule Area Fraction Tubule Area Fraction 
ZI 0.160 0.077-0.184 0.039-0.322 O 2 ? 42 0.220-0.264 0.120-0.29 Z2 0.236 
- --- 
0.188-0.268 0.016-0.314 
E 
OE 2 
E 
0 80 . 280 0.246-0.322 0.238-0.362 D 0.324 - F 0.32 0.321-0.386 0.034-0.391 ý .3 .9 0.339 -0.368 0.288 0.272-0.436 Parameter Cortical Area Fraction Cortical Area Fraction 
zi 0.113 1 0.064-0,156 0.028-0.283 0.205 0.170-0.235 0.087-0.259 
Z2 0.214-1 - 0.169-0.252 0.139-0.275 0.241 0.227-0.287 0.220-0.332 
Z3 0.315 1 0.300-0.368 0.285-0.375 0.331 0.284-0.345 0.263-0.414 
Statistically significant 'between zones' differences were present in both groups. Pairwise 
comparisons revealed that Ma Area measurements were significantly different between all 
zones both in Laminitic Group I and 2. 
Median Tu Area measurements for the three respective zones were 4692,14273 and 35321 ýtmý 
2 
in Laminitic Group 1. The corresponding values for Group 2 were 6780,18245 and 44573 ýIrn 
Statistically significant differences (P< 0.05) were present between all zones in the two 
respective groups. 
Median Co Area measurements also varied between zones. Group I values were 5159,15283 
and 38057 ýLM2 respectively. These compared with median values of 5481,18642 and 43220 
ýtM2 for Group 2. Statistically significant differences occurred between all zonal comparisons in 
both laminitic groups (P< 0.05). 
Statistically significant 'between zone' differences were also evident in all zonal Ma, Tu, and 
Co AF comparisons (P< 0.05) in both laminitic groups. 
'Between zone' Ma, Tu and IT Area Fractions comparisons for the respective lammitic groups 
are given in Table 4.16. 
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Table 4.16 Zonal Comparisons of Marrow, Tubular and Intertubular Horn Area 
Fractions for Laminitic Group I and 2 
Zone Laminitic Grou 1 Laminitie Grou 2 
MaAF TuAF ITAF MaAF TuAF f1 -TA F 
Zone 1 0.028' 0.160' 840r 
" 
0.038' 
-- - 
0.242' 
Zone 2 5.0212 
- - 
2 0.236 2 0.764 W020 '7- 0.280- 0.720- 
Zone 3 0 1777 0.324' 0.676' 0-117- 0.33 93 
ney. rvtaivr-iviwjuw Area rraction. I UAI, -iuDuiar Area Praction. ITAF- Intertubular horn Area 
Fraction. Different numerical Subscripts denote statistically significant 'between zone' differences - Mann-Whitney test (P<0.05). 
Table 4.17 surnmarises the area and linear 'feature' specific morphometric parameters of tubule 
structure by laminitic group. Significant 'between zone' differences (P<0.05) were revealed 
within Group 1, for all parameters excluding Ma(MA). Significant differences were recorded in 
all zonal comparisons (P<0.05) for parameters Ma: Tu(%), Tu(MA), Tu(MI), Tu: Ma(MA), 
Co(MAT) and Co(MIT). There was a dorso-palmar zonal increase in median Tu(MA), Tu(MI), 
Tu: Ma(MA), Co(MAT) and Co(MIT), and a dorso-palmar zonal decrease in Ma: Tu(%). 
Significant differences only occurred between ZI and Z2, and ZI and D for both the Ma(MA) 
and Tu: Ma(MI) parameters, with ZI values lower than those recorded in Z2 and D. 
Within Group 2 however, significant 'between zone' differences were recorded for all 
parameters, including Ma(MA). The trend in zonal comparisons were similar to those evident in 
Group 1, apart from that for parameter Tu: Ma(MI). In this group, significant differences were 
recorded in median Tu: Ma(MI) values for all zones. A dorso-palmar zonal increase was evident 
in parameters median Tu(MA), Tu(Ml), Tu: Ma(MA), Tu: Ma(MI), Co(MAT) and Co(MIT), and 
a corresponding decrease in Ma: Tu(%). 
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Table 4.17 Summary table of area and linear 'field' specific morphometric 
characteristics of horn tubule structure for Laminitic Group 1 and 2 
Laminitic Group 
Parameter GroupI I Group 2 
Zone I Zone 2 Zone 3 Zone 1 Zone 2 Zone 3 
Ma: Tu(%) 16.06' 9.6612 4. T55r* F-151 . 002 7 
3* 2.52 
Marrow to (13.94 -29.23) (6.46-11.07) (3.78-6.35) 12.34 -20.98 4.67-8.35 1.90-4.88 
Tubule 10.14-31.23 4.95-12.60 1.96- 8.51 7.37- 24.62 4.40-14.96 1.81- 6.01 
Quotient (%) 
Tu(MA) 136.21 170.2 2 261.2 3 170-11 204.12 264.43 
Tubule Major (100.8-177.9) (161.6-235.7) (200.8 -289.2) (148.7-186.7) (180.2-233.4) (238.3 -286.7) Axis ([trn 2) 92.1-189.6 136.1- 310.4 199.7 - 305.0 138.0- 209.2 175-14724 223.2-313.0 
Tu(MI) 52.81 93.7 2 200.3 3 55.41 103.82 21 IF5F 
Tubule Minor (41.9-67.1) (83.3 -13.2) (150-2-221.1) (42.6- 6&6) (87.3-126.2) (201.9-223.2) 
Axis qtrn) 20.2-80.2 79.6-132.7 136.9-243.6 35.1-86.4 84.8-131.0 162.6-237.2 
Tu (MA: Ml) 2.401 1.77 2 1.3 12 2.96' 1.792 1.26-1 
Tubule (2.06 -3.95) (1.67-2.40) (1.23 -1.40) (2.84-3.25) (1.73-2.05) (1,18-1.36) 
Major to Minor 1.90-4.21 1.63-3.06 1.16-1.49 2.42-3.83 1.59-2.73 1.16-1.48 
Axis Ratio 
Ma(MA) 50.41 45.41 52.31 55.61 43.62 38.92 
Marrow Major 39.9-51.5 42.4-53.8 40.5-64.0 47.4-62.2 39.7-50.7 37.5-57.2 
Axis ([tm 2) 38.4-61.1 39.1-92.4 37.4-67.4 46,4- 65.5 34.1-63.1 33.0-65.2 
M a(M 1) 26.3' 33.92 46.22 28.41 32.3 2 32. V 
Marrow Minor 24.2-26.7 31.3-38.9 34.5-54.8 25.3-33.2 31.2-35.5 31.5-49.5 
Axis qlrn) 12.1-30.4 29.6-56.8 32.0- 61.2 23.1-35.9 26.50-47.3 27.97-56.2 
" Tu: Ma(MA) 2.851 3.692* r 4.7181 * 2.89' 2* 4.57 
T 
Tubule to 2.31-3.13 3.32-4.69 4.36- 5.43 2.69-3.30 4.3-5.1 4.80-7.21 
Marrow 2.01-3.45 3.20-5.01 3.65-7.08 2.51-4.38 3.8-337.61 4.28-7.93 
Major Axis 
Ratio 
Tu: Ma(MI) 2.071 2.63 2 4.28 2 1.971 3.14 2 6.2 13 
Tubule to 1.67-2.55 2.40-2.95 3.42-4.85 1.63- 2.07 2.73-3.66 4.24--6.79 
Marrow 1.66-2.63 2.19-3.89 3.22- 7.13 1.516- 2.938 2.574- 4.036 3.77-7.22 
Minor Axis 
Ratio 
Co(MAT) 42.91 63.32 03 104. 56.61 92 81.5* 3 108.4 
Cortical 26.1-63.2 55.8-92.3 80.3-116.2 45.0- 75.4 69.8-90.9 101.3 -123.9 
Thickness 25.3-64.3 48.5- 109.0 75.2-143.9 42.5-80.8 68.1- 7340.6 91.5-129.4 
Major Axis 
(;. 'rn) 
Co(MIT) 13.11 23.72 73.8 3 12.4' 35.92 87.2 3 
Cortical 8.4-20.4 25.0-36.9 58.7-89.6 8.1- 17.4 28.7-44.7 78.0-92.0 
Thickness 4.1-24.9 23.1- 44.9 48.1-98.7 5.9-28.4 26.7-47.9 65.1-97.1 
Minor Axis 
(p M) 
Key: Parameters are defined in Table 4.7A and B. Data, Bold - Median. (AA-1313) - IQ Range. AA-BB - 
Min, Max Range. Subscripts, different numbers denote significant difference between zones (P<0.05). 
* denote significant difference in zonal median values between groups (P<0.05). 
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4.20.2.7 COMPARISON OF AREA DATA BY LAMINITIC GROUP 
MARROW AREA MEASUREMENTS 
Statistically significant 'between group' differences in median Ma Area measurements were 
evident in ZI and 3 (P< 0.05) In respect of ZI (see Figure 4.12), the median Ma Area 
measurement in Group I was significantly smaller than that recorded in Group 2. There was 
NSD in respect of Zone 2 (see Figure 4.13). Conversely, the median Ma Area in Z3 was 
significantly larger for Group 1, compared with Group 2 (see Figure 4.14). 
Figure 4.12 'Between group' comparison of Zone I median Marrow Area 
measurements (gm 2) 
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Key: Group I= Laminitic Group 1. Group 2= Laminitic Group 2. 
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Figure 4.13 'Between group' comparison of Zone 2 median Marrow Area 
measurements (pm 2) 
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Key: Group 1= Laminitic Group 1. Group 2= Laminitic Group 2. 
Figure 4.14 'Between group' comparison of Zone 3 median Marrow Area 
measurements (ýLm 2) 
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Key: Group I= Lan-dnitic Group 1. Group 2= Laminitic Group 2. 
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TUBULE AREA MEASUREMENTS 
Tu Area measurements within Group I were significantly different in each respective zone 
compared with those values recorded for Group 2. In all between zone' comparisons tile 
median Tu Area measurement in Group I were significantly smaller than Group 2 (P<0.05) - 
see Figure 4.15, Figure 4.16, and Figure 4.17 respectively. 
Figure 4.15 'Between group' comparison of Zone I median Tubule Area 
measurements qtM) 
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Key: Group I= Larrýnitic Group 1. Group 2= Larninitic Group 2. 
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Figure 4.16 'Between group' comparison of Zone 2 median Tubule Area 
measurements (pm 2) 
-I. - C: 
CD 
U) 
m 
a) 
150000 
100000 
50000 
0 
1 
Group 
2 
Figure 4.17 'Between group' comparison of Zone 3 median Tubule Area 
measurements qtM) 
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CORTICAL AREA MEASUREMENTS 
Statistically significant 'between group' differences were present in each respect zone (P< 
0.05). Co Area measurements within each zone for Group I were significantly smaller than the 
corresponding Group 2 values (see Figure 4.18, Figure 4.19 and Figure 4.20). 
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1z 
Figure 4.18 'Between group' comparison of Zone I median Cortical Area 
measurements (ýLM) 
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Figure 4.19 'Between group' comparison of Zone 2 median Cortical Area 
measurements (4M) 
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Figure 4.20 'Between group' comparison of Zone 3 median Cortical Area 
measurements qM) 
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4.20.2.8 COMPARISON OF AREA FRACTION DATA By LAMINITIC GROUP 
MARRow AREA FRACTION 
There was a tendency for Group I MaAF to be larger than that recorded for Group 2 (P=0.06), 
although this comparison was not significantly different at the 5% significance level. However 
'between group' zonal comparisons revealed a significant difference in ZI MaAF (P< 0.05), 
with Group I having a significantly lower area fraction than Group 2- see Figure 4.21. 
TUBULE AREA FRACTION 
The median TuAF values in ZI was significantly different between groups (P<0.05), with 
Group I displaying a smaller TuAF than Group 2- see Figure 4.22. 
CORTICAL AREA FRACTION 
Similarly, Group I median CoAF data for Z1 was significantly lower in Group 1 compared with 
Group 2 (P<0.05) - see Figure 4.23. 
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Figure 4.21 'Between group' comparison of median Zone 1 Marrow Area Fraction 
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Figure 4.22 'Between group' comparison of median Zone I Tubule Area Fraction 
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4.20.2.9 COMPARISONS OFTEATURE9 SPECIFIC MORPHOMETRIC PARAMETERS OF 
HORN TUBULE STRUCTURE 
'Between group' comparisons revealed significant df ferences for parameters Tu: Ma(MA) in Z2 
and Z3, with Group I displaying lower ratio values, and Ma: Tu(%) values in Z3, where Group I 
displayed higher percentage values. All other 'between group' comparisons were not significant 
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Iz 
1 
at the alpha level of 5%, however there was a trend for Tu(MA) and Ma(MA) to be lower in 
Group I (P=0.13). 
Figure 4.23 'Between group' comparison of median Zone I Cortical Area Fraction 
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4.21 DISCUSSION 
This study represents the first comprehensive characterisation of the structural organisation of 
the SM of the donkey hoof wall associated with the laminitic condition. It builds upon the 
fon-ner knowledge of this equid species reported by Doguer (1943) and Hifny and Misk (1983). 
This work differs from these former studies in that it has applied a synergistic approach 
combining morphology and morphometry. In this way, the structural organisation of the SM has 
been described and illustrated, and the key defining characteristics have been quantified. This 
approach has enabled the macroscopic and microscopic structure of the SM to be established. In 
addition, the effects of the laminitic condition upon structure have been investigated. 
This study has adopted a unique materials science approach. It has specifically focused upon 
those structural features that are likely to affect the mechanical performance of the hoof wall. 
Hence this characterisation provides a basis from which the structure-function relationships can 
be further investigated. 
In general, the structural organisation of the laminitic donkey SM, at the light microscopic level, 
conforms to the preliminary findings outlined by Collins et al. (2002). At this level of the design 
hierarchy, the SM was characterised by the presence of the three morphologically distinct tubule 
types, Donkey Tubule Types 1,2 and 3, as described by Collins et al. (2002) and Collins and 
Reilly (2004b - Submitted). Both variants of the Type 3 Tubule, Type 3A and 313, were present 
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within the SM. These tubule types all displayed a conventional or 'accepted' liorn tubule 
structure, characterised by a relatively small marrow or medullary cavity, surrounded by a 
cellular cortex. 
The regional distribution of these tubule types across the dorso-palmar depth of the SAI 
conforms to the three-fold equid zonation pattern proposed by Kind (196 1) and Schummer C/ al. 
(1981). However the finer detail of this zonation pattern differs from that described for the 
equine by R6ssner (1940), Bucher (1987), Bolliger (1991) Schroth (2000), K6nig (2001) and 
Patan (2001). Whilst the dorso-palmar depth of the three zones was described by these authors 
as being of 'equal dorso-palmar depth', the respective dorso-palmar zonal depths vary in the 
donkey. 
Preliminary morphometric analysis of structure across the full HWD, by sequential image field, 
revealed the complex nature of the tubule size and shape changes that underlies the dorso- 
palmar change in zonal structure (Collins 1999 - Unpublished data). A broadly consistent 
pattern of changing structure across the HWD was evident between individuals, with zonal 
boundaries marked by statistically significant structural differences occurring at -25% and 
-40% HWD. 
Confidence in this zonal division is supported both by empirical and experimental observation. 
These zonal boundaries are in broad agreement with the marked changes in macroscopic 
structural appearance evident within the SM of the donkey hoof wall (see Figure 1.15). There is 
also good agreement between the zonal boundaries established here, based upon regional 
difference in tubule morphology, and those reported by Hopegood (2002) and Reilly et al. 
(2003) which were based upon the dorso-palmar variation in tubule density (Figure 1.16). 
The zonal boundaries for the donkey SM differ from those reported for the horse by Kasapi and 
Gosline (1997). This author reported major changes in tubule morphology occurring at 12.5 and 
67%HWD This 'species specific' difference is consistent with the emerging picture of structural 
differences between other equid species (e. g. Kind 1961), and between other ungulate species 
(e. g. Reilly et al. 2002a). 
The functional significance of the 'species specific' difference in zonation is unknown. This 
may indicate important differences in the biomechanical functioning of the hoof between the 
donkey, the horse, and other equid species, and therefore warrants further investigation. 
Morphometric characterisation of the respective zones has resulted in an objective 
characterisation of macroscopic ('field' specific) and microscopic ffeature' specific) structure. 
On this basis the structural organisation of the tubular, cortical, and marrow and intertubular 
horn components has been elucidated, and horn tubule structure enumerated. However the 
effective morphometric characterisation of structure is dependent on experimental accuracy. 
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The image analysis protocol documented in this chapter provides the basis by which the 
morphometric assessment of hoof horn structure can be standardised and experimental accuracy 
optimised. It forms the means by which objective measures of structure can be ascertained, and 
pathologic structural change evaluated. This methodology has built upon the work of Reilly 
(200 1). The use of image tiling has reduced the need to compromise image resolution in order to 
increase the size of the sampling area. Both of these factors are key considerations in striking 
the optimal balance between achieving measurement accuracy whilst ensuring that the resultant 
measurements are truly representative of the structure under examination. 
In addition, measurement errors ansing from image processing are minimised. As image 
resolution is maintained, there is no need for aggressive image processing to ensure satisfactory 
detection of feature boundaries. Aggressive image processing can results in image distortion, 
and thereby increases the potential risk of measurement error. 
Accurate Area measurement, and Area Fraction determination is dependent upon effective 
discrimination of feature boundaries. The Ma-Co interface was readily detected across the entire 
dorso-palmar depth of the SM. Whilst the Tu-IT interface was similarly, established readily in 
ZI and Z2, difficulties were encountered in delimiting this interface within Z3. Geyer (1980) 
also commented upon this fact within the inner zone of the equine SM. The inability to define 
this boundary with confidence may result in measurement error within this particular region of 
the SM. 
Direct area measurement represents a logical progression from former methods (e. g. Kasapi and 
Gosline 1997, Unig 2001 and Patan 2001) of indirect determination of area. These were based 
upon the application of formula for simple geometric form to direct axis measurements. Direct 
measurement therefore improves measurement accuracy. It also offers the opportunity to 
accurately quantify irregular shapes. This is of particular significance when either deformational 
structural change has occurred or when the pattern of force distribution within the SM results in 
the generation of irregular, non-uniform cross-sectional tubule profiles. Both of these events are 
potential sequela to the laminitic condition. 
The dorso-palmar zonal variation in the morphological appearance of structure is associated 
with a complex pattern of morphometric change. In summary, this was charactensed by 
statistically significant dorso-palmar zonal increase in TuAF, CoAF, Ma, Tu and Co Area 
measurements, and cortical thickness, Co(MAT), Co(MIT). This zonal variation was also 
marked by a corresponding statistically significant dorso-palmar decrease in Area Fraction of 
both the Intertubular and Marrow horn components, and also the Ma: Tu(%). 
The structural characteristics evident within the SM must reflect the functional demands placed 
upon this capsular component. Hence the structural characteristics detailed in this chapter must 
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relate to the hoof wall's ability to accommodate and ultimately resist the loading forces 
associated with weightbearing (Leach 1980), and its ability to achieve this without incurring 
excessive deformation or catastrophic failure. 
The precise functional significance of these trends remains to be fully investigated. However, 
each of these different morphometric patterns are likely to exert distinct functional and 
mechanical effects upon the hoof wall. These effects will alter across the dorso-palmar HWD in 
line with its' zonal variation in structure. Thus the mechanical properties of the wall will result 
from the complex interaction of the different zonal structural effects. 
The statistically significant differences in 'field' specific structural organisation and 'feature' 
specific horn tubule structure evident between zones are likely to affect the material properties 
of the respective zones, and thus influence the manner in which loading forces are distributed 
within the SM during weightbearing. Hence the structural changes across the HWD are therefore 
likely to contribute to the mechanical performance of the hoof wall, and influence the way in 
which force transfer is achieved between the ground and the skeleton. 
Wainwright et al. (1976) concluded that energy absorption was as important as static strength in 
similar biological lead bearing structures. These authors stated that energy absorption is related 
to the amount of void space. This is because voids focus stress within a material and lead to 
crack generation and propagation (Griffith 192 1). 
The dorso-palmar zonal decease in zonal MaAF will tend to concentrate stress within the outer 
region of the SM. This may serve as an effective mechanism by which the sensitive structure of 
the foot are protected for aggressive stress concentration occurring at the laminar interface. in 
addition, by concentrating the loading forces within the outer region of the SM, stress can be 
focus within this region, microdarnage can be accumulated within this superficial region, and 
damaged material eliminated in a controlled fashion, thus affording further protection to the 
deep structures of the foot. 
The absolute shape and size of the Ma will also affect this process. This is because the degree of 
stress concentration is inversely related to the radius of curvature of the void (Gordon 1976). 
Hence under identical loading conditions, the stress raising effect of an ellipsoid is significantly 
greater than a circular void of similar area (Wainwright et al. 1976). Hence the oval shaped Ma 
of ZI will concentrate stress at the Ma-Co boundary along the major axis of the Ma, where the 
radius of curvature is smallest. 
The preferred orientation of the oval marrows in ZI, with their major axis aligned 
circumferentially around the hoof wall, may also be of functional significance. This orientation 
would encourage circumferential elimination of material, as crack propagation would tend to 
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course between regions of the high stress concentration focussed upon the major axis of the 
marrow. This mechanism would further discourage inward crack propagation. 
The regional distribution of the relatively small Donkey Type I Tubule within this zone may 
also contribute to the process of energy absorption and also the controlled elimination of 
damaged material. De-bonding at the tubular-intertubular interface may serve to absorb energy 
within the hoof, in a similar manner to that which has been reported for composite materials by 
Cook and Gordon (1964). Hence the significant surface area to volume advantage of the 
relatively small Type I Tubules would significantly enhance the process of energy absorption 
within this region prior to failure. In addition, the preferred orientation of the tubule observed 
within this zone, with their major axis arranged circumferentially around the hoof wall, ensures 
that maximal surface area is presented to prevent inward crack propagation. 
Controlled elimination of material from ZI may also explain the 'simple' morphological 
appearance of the cortical cell organisation evident within the Type I Tubule (see Table 4.3 and 
Figure 4.1). It is has been argued by Kasapi and Gosline (1997), that the development of cortical 
complexity, in which different cell types and /or cortical cell orientation occur within the hom 
tubule, is directly linked to the development of crack deviation and mechanisms within the hoof. 
Thus the presence of a simple cortical organisation within ZI would aid circumferential 
elimination of material. 
The progressive reduction in marrow area fraction across the hoof wall, combined with the 
dorso-palmar zonal size reduction may minimise the risk of crack initiation at depth. 
The axial rigidity of a column, its' resistance to loading deformation, is dependent upon the 
amount of material resisting the applied load (Biewener 1992, Vogel 1988). Hence, the skew in 
the distribution of absolute tubule and cortical area measurements within the respective zones 
potentially indicates that a minimum functional tubule size exists that prevents critical levels of 
deformation occurring during weightbearing. 
The cortex serves to prevent stress transfer to the marrow (Leach 1980). Hence the cortex limits 
the stress raising effects of the medullary cavity, and thus may also be important in preventing 
crack initiation. 
Failure in axial columns most commonly results from buckling (Wainwright el al. 1976). The 
thickness of the tube wall is the critical factor in the initiation of local buckling events 
(Biewener 1992). Conversely Euler buckling effect is inversely related to I (Biewener 1992). 1 
increases the further the material is located from the neutral axis (Tubular axis), by the square of 
the distance from the axis (Wainwright et al. 1976). Thus the variation in cortical thickness and 
the marrow size will be critical factors limiting zonal buckling effects. 
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The pattern of increasing tubule size across the wall may produce a structure that progressively 
accommodates the mechanical demands, with each zone being more tolerant of the effects of 
deformation, without incurring failure. Thereby this structural organisation affords protection to 
the laminar interface, whilst also providing an effective method of energy absorption. In this 
way the structural organisation of the SM may represent an 'optimal design' in the manner 
described by Okamoto (1994). 
The relatively thin cortical wall of the Type I Tubule potentially predisposes this tubule type to 
Local buckling effects. The oval cross sectional profile and the cortical streamlining evident 
within this tubule type, further compounds the situation. Thus the Ma(MI) and Tu(MI) values 
represents the detennining factor governing Euler buckling effects in this tubule type. Whilst 
the Type 3A Tubules of Z2 similarly display a similar oval cross sectional profile, the relative 
size of the tubules, and the greater cortical thickness, represent significant theoretical 
mechanical advantages over the Type I Tubule. The presence of large diameter tubules, with 
large cortical thickness and small round marrows within Z3 may serve to optimise axial rigidity, 
limit Local and Euler buckling effects, and minimise crack initiation within this sensitive region 
of the SM that is adjacent to the laminar interface. 
Leach (1980) however stated that hydration effects further mediate zonal rigidity across the 
HWD. This author stated that these hydration effects resulted in the inner hoof wall being more 
susceptible to compressive deformation than the outer wall. However, Nickel (1938a, b, 1939) 
suggested that the tensile forces generated within the intertubular horn during weightbearing 
were translated to the tubules, resulting in the generation of axial tension that resist the direct 
effect of axial compression. 
Direct comparisons between the morphometric characteristics of the donkey and horse are 
difficult given the absence of a standardised assessment protocol. Whilst the morphological 
characteristics of ZI bears certainly similarities to the equine, the morphometric characteristics 
highlight differences in structure. 
With regard to 'field' specific characteristics, ZI in the donkey displays a lower TuAF, and 
therefore a higher ITAF, than the majority of the corresponding data given for the horse by the 
European anatomists, e. g. Schroth (2000), Kdnig (2001) and Patan (2001). However the donkey 
value approaches that recorded by Collins (1998 - Unpublished data) for a slaughterhouse 
population of horses, and by Reilly (2001) for the pony. MaAF data for the donkey is 
comparable with the lower range of the corresponding equine data, and markedly lower than the 
pony value reported by Reilly (2001). 'Feature' specific data highlight other key differences. 
The cross sectional profile of the donkey Type I Tubule was more elliptical than that recorded 
for the horse in ZI, tubule and marrow area measurements were lower, as was the Tu: Ma(%). it 
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is therefore not possible to state categorically whether the Donkey Tubule Type 1 represents a 
similar structure to that described for this zone of the SM in the horse. Similarly it is not known 
whether these morphometric differences in structure represent 'species specific' differences, or 
the effects of differences in bodyweight and/or pathological change associated with the laminitic 
condition. Future work is required to resolve this issue. 
With regard to Z2, The morphometric characteristics of structure showed a closer affinity with 
the horse. Donkey TuAF, CoAF and MaAF were consistent with the majority of data previously 
presented for the equine. Tu, Co, and Ma Area measurements were also comparable with the 
corresponding horse data (see Table 4.8). 
However, the morphological characteristic of this zone highlight differences in structure. 
Specifically, the Donkey Type 3A Tubule, with its complex cortical cell organisation, does not 
resemble the horn tubule structure described within this zone for the equine by either Bolliger 
(1991) or Kasapi and Gosline (1997). In addition, the Type 2 Tubule, present within this zone of 
the donkey SM, has not been reported for the equine. 
There is however a large degree of agreement in both the morphological and morphometric 
characteristics for Z3. Similarities are evident in both 'field' and 'feature' specific data. This 
suggests that the structural organisation of the SM, and also the horn tubule structure are 
common between these two equid species, within this zone. 
In no zone of the SM were the tubule area measurements larger than those reported for the horse 
or pony. This challenges the assertion of Tohara (1948) that the donkey tubules are larger than 
the horse. What is evident however is a difference in the relatively dorso-palmar development of 
Z3 between species. In the donkey this accounts for -60% of the HWD. This compares with 
-25-33 % of the HWD in the horse. This difference may create the illusion of larger tubule 
sizes upon the macroscopic comparison of the respective SM. 
In the absence of a concurrent control population of normal donkeys, it is not possible to assess 
the extent to which the structural characteristics are detailed above are affected by pathological 
change associated with the laminitic condition. This represents a key area for future work. 
However indirect morphometric evidence of potential structural change was evident at the 
macroscopic level of the design hierarchy within the laminitic material obtained during the main 
experimental phase of thesis. The finding that 21 of the 23 trial animals displayed a dorso- 
palmar HWD greater than the predicted depth, derived in accordance with the algorithm of 
Hopegood (2002), is consistent with coronal elongation, linked to DP dislocation, resulting in 
alterations to subsequent hoof horn formation. Disruption to non-nal hoof horn production was 
further supported by the incidence of structural irregularities within the SM of material obtained 
during the preliminary stage of the experimental phase of this project. 
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This preliminary study represents the first occasion in which departures from the conventional 
structural organisation of hoof horn have been described in the donkey. Several of the structural 
irregularities appear to be comparable with those previously described for horse hoof by 
Tscherne (1910), Brunlike (1931), Rbssner (1940) and Bucher (1987). Similar irregularities 
were found in this study to those reported to be associated with equine laminitis in controlled 
trials by Mostafa. (1986), Nakada et al. (1992) and Said el al. (1992). This suggests that a 
similar mechanism may be involved in the development of these structural irregularities in both 
the donkey and the horse. In addition, several previously unreported irregularities were 
recorded. Whether these structural irregularities are directly linked to the larmnitic condition, or 
whether they are secondary to pathologies occurring within the foot following digital collapse, 
remain to be fully investigated. 
The incidence of structural irregularities with the SM suggests that the hoof may provide us with 
valuable sources of evidence of laminitic change. If this indeed is the case, then careful hoof 
wall assessment would permit us to investigate the effects of the condition still further. It is not 
possible at this stage to infer any direct association between the occurrence of these 
irregularities and the laminitic condition. However, as localised irregularities were observed in 
all cases, the possibility of an association with the laminitic condition can not be discounted. 
Further controlled objective trials are required to resolve this issue. Establishing appropriate 
control measures within the UK donkey population however, poses a particular challenge. 
Crane (2002) stated that all donkeys maintained within temperate grasslands are subject to a 
continuum of degenerative foot conditions. Hence study of material obtained from donkeys in 
their native environment may be an appropriate means of answering these questions in a 
controlled manner. 
The presence of different irregularities suggests that different processes may be involved in their 
pathogenesis. These irregularities might either be of a formational or deformational origin. 
Formational changes may arise from vascular compromise, inflammatory response, papillary 
damage within the coronary corium, and/or degradation of the BM. Alternatively, they may 
reflect regenerative processes associated with wound healing response mechanisms. 
Deformational events may result as a consequence of alterations in force distribution within the 
SM, degenerative anatomical changes with the foot, or as a sequela of 'poor quality' liorn 
production, that is not able to sustain normal hoof function. 
Knowledge of the biornechanical consequences of digital collapse associated with lammitis is 
limited. However Oliver (1987) and Hood (1999a) stated that compromise to the SADP 
prevents normal force transfer across the laminar interface. This increases the forces acting both 
within the SM, and upon the coronary corium. As the mechanical and functional properties of 
183 
the SM are influenced by the structural organisation of tubular horn and intertubular horn, 
changes to the accepted structural organisation may have profound effect upon hoof function. 
These structural changes probably alter the material properties of laminitic hoof horn, and hence 
directly affect stress and strain distribution across the HWD. Conversely, changes in structure 
may themselves be indicative of functional compromise. This may result as a consequence of 
the production of 'poor quality' hoof hom material or from changes in force distribution within 
the SM, and altered force transfer across the laminar interface due to SADP compromise. 
Insights into changes in force transfer across the hoof wall, and laminar interface, and elsewhere 
within the donkey hoof capsule, in non-nality and disease, will be possible with the further 
development of the finite element analyses previously reported by Newlyn et al. (1998,1999). 
The non-specific nature of the structural irregularities between individuals may indicate that 
different individuals may be affected by laminitis differently. In this regard, Hunt (1993) stated 
that laminitis results in a diverse series of digital pathologies, and that the progression of the 
condition varies considerably between individuals. Thus differences may reflect the severity and 
duration of the acute phase, the nature and extent of the DP dislocation, attendant secondary 
pathologies, and/or the effectiveness of the wound healing responses. Conversely these 
differences may reflect individual distinctiveness in response to the condition, or different 
stages in a continuous series of common events linked to the progression of the condition. 
Different structures occurring in different regions across, the HWD may suggest zonal 
differences in response to the condition. This may relate to the presence of different papillar 
types, or conversely it could imply that the effects of the condition differ across the dorso- 
palmar depth of either the coronary coriurn and/or the SM. 
Although the precise effects of laminitis upon the dermal papillae are unknown, there are 
I. solated reports of anatomical changes to papillary bodies within the coria of the foot. For 
example, papillar branching has been recorded in the bovine solear corium in association with 
overgrown feet (Singh et al. 1992), Rusterholtz sole ulcers (Mauske 1972), and larninitis 
(Maclean 1971b). 
The occurrence of the MMT irregularity suggests papillar branching, with several apical tips 
within a single dermal papillary body. The MTC irregularity could arise either as a result from a 
more extensive division of a single papillary body to that which gives rise to the MMT 
irregularity, or from the presence of adjoining papillary bodies, with no intervening 
interpapillary dermis. 
Maclean (1971b) also reported that the solear papillae in laminitic cattle were broader than 
normal. This may reflect a similar inflammatory response to the oedematous broadening of the 
dermal lamellae associated with laminitis. Similar broadening within the coronary corium may 
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account for the presence of ET irregularities. The loss of normal cortical organisation within the 
ET irregularity may indicate BM degradation within the coronary region leading to a disruption 
in the non-nal co-ordinated pattern of horn formation. 
Singh et al. (1992) also reported the loss of normal dermal topography within the solear corium 
in laminitic cattle. Dermal papillae were either completely absent or when present, were 
flattened. Similar regional changes to the coronary papillae may account for the presence of the 
AT irregularity, and may explain their association with regions characterised by the absence of 
tubular horn structure. Alternatively, sectioning of 'kinked' or 'crimped tubules' may account 
for either the AT irregularity and its association with regional ATH, and/or the NIT irregularity. 
Conversely changes in the force distribution within SM might provide a deformational origin for 
the MT and AT irregularities. 
The occurrence of the WT irregularity may result from either formational or defort-national 
events. This irregularity may directly reflect localised papillar compression in the outer region 
of the coronary corium. The association of the WT irregularity with hoof wall splitting (Collins 
- Pers Obs. ) lends supports to a deformational origin. 
The specific mechanism by which the effective marrow size is determined is unknown. Marrow 
enlargement may arise as a direct consequence of primary changes in the size or shape of the 
papillar tip, mitotic activity within the suprapapillary region, or diffusion deficiencies following 
disruption to the papillary blood supply. These events are likely sequelae of the 
vasoconstriction, oedema, infarction and/or BM degradation associated with laminitis. 
However, Geyer (1980) suggested that marrow enlargement occurred in 'poor quality' hoof as a 
consequence of cortical degradation. Aberrant keratInisation and cormfication results in reduced 
cellular cohesion within the cortex, and produces a tubular structure that is less resistant to 
cortical degradation in response to biomechanical forces acting upon the SM. 
The EM irregularities are characterised by an expansive cortex, hence there is no morphological 
evidence to suggest Co degradation. The TV irregularity however suggests extensive 
degradation of the Co. In addition, the atypical cortical staining observed in this irregularity 
resembles that typically seen within the partially keratinised marrow horn fraction of the horn 
tubule. 
The presence of different structural irregularities within the respective zones of the SM suggests 
that laminitis affects the different regions of the SM and/or coronary corium differently, or at 
different times. In addition, between-case variation in their occurrences may suggest individual 
differences in response to the condition. This may reflect variations in the nature and extent of 
the DP dislocation, the severity of dermal tissue damage and circulatory compromise, and/or the 
degree to which regenerative processes restore normal hoof wall function. However, individual 
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variation in bodyweight, hoof shape, and hoof size are also likely to contribute to this variation. 
These factors will contribute to the nature and extent of force distribution within the foot and 
also influence the functional capabilities of the hoof capsule. 
Between group comparisons of both 'field' and 'feature' specific parameters reveal a complex 
picture of difference in structure. Whilst the precise mechanisms responsible for this difference 
in structure are unknown, these structural differences were associated with a significant 
difference in the degree of anatomical coronal disruption, assessed by the dorso-palmar 
difference in predicted and actual HWD, between the two groups. The degree of coronal 
disruption was greater within Group 1, compared with Group 2. With regard to 'field' specific 
characteristics of structure, Group 1 displayed significantly lower ZI TuAF, CoAF and MaAF 
values, lower ZI Ma Area measurements, lower zonal Tu and Co Area values and greater Z3 
Ma Area measurements. Significant 'between group' differences in feature specific 
characteristics of horn tubule structure were also recorded, with Group I having a lower Z3 
Tu: Ma(%) and Z2 and Z3 Tu: Ma(MA) values. 
These findings suggest that the effects of this difference in the degree of coronal disruption 
occur across the entire dorso-palmar extent of SM. However the precise nature of the structural 
change that the coronal disruption causes varies between zones. These findings indicate that 
morphometric characteristics of structure are related to the degree of anatomical change 
associated with DP Dislocation. 
It is not known whether these changes represent formation changes of deformation events 
occurring within the SM. 
Anatomical disruption to the coronary corium associated with DP dislocation results in 
disruption to the coronal circulation that is commensurate with the extent of dislocation (Hood 
et al. 1993b, 1994). This leads to reactive changes in the degree of horn production (Hirschberg 
et al. 2001). This disruption is particularly marked within the papillary microcirculation (Hood 
et al. 1993b), and hence could explain the reductions noted in absolute area measurements for 
the bom tubule. 
Reductions in TuAF and CoAF values may also reflect the physical process of dorso-palmar 
elongation of the coronary corium. If the number of papillae remains constant during this 
process, then the TuAF and CoAF must decrease an automatic sequela of the physical increase 
in area of the coronary corium. 
Conversely the reductions in tubule may reflect the effects of deformation changes to structure 
within the SM. The incidence of the WT tubule irregularity and also zonal delaminition provides 
indirect evidence of deformational structural change occurring within the SM of the donkey in 
associated with laminitic condition. Feature specific data of tubule structure also suggest that 
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deformational change may be present. The trend towards a 'between group' difference III 
median ZI Tu(MA) values (P=0.13), whilst between group median Tu(MI) values remain 
similar (P=0.97) is difficult to explain in terms of reactive hoof horn formation. In this regard, 
deformation of structure in the direction of the major tubule axis, seem a more logical 
explanation. 
These 'between group' structural differences are likely to result in differences in the material 
properties, and thereby lead to differences in the finer functioning of the SM. This may 
ultimately affect the manner of force distribution and transfer within the SM, and could have an 
important bearing upon the level of biomechanical impairment within the laminitic foot. For 
example, the lower cortical area recorded in Group I is likely to result in a lower axial 
resistance for a given load, and result in a greater deformation compared to Group 2. Subtle 
functional consequences are also suggested in the absence of direct statistical differences. Iýor 
example median Co(MIT) values are similar between groups, hence the propensity for Local 
buckling are likely to be similar, however as Ma Area measurements are significantly smaller in 
Group 2, the I for D tubules in this group will be lower than that for Group 1. Thus the critical 
Euler buckling load within Group 2 will be anticipated to lower than that for Group 1. This may 
be of particular relevance with regard to the laminitic condition. This is because tubule 
crimping, which is a common macroscopic observation in laminitic hoof hom, may be evidence 
of buckling failure occurring within the SM. 
Structural changes associated with anatomical disruption could account for the reported 
relationship between condition severity, the degree of biomechanical impairment, and the extent 
of anatomical change evident within the afflicted foot. 
Although it is not possible at this stage to confirm whether changes in structure occur in 
association with laminitic condition in the donkey, morphometric changes have been reported 
for the horse by Mostafa and El-Ghoul (1999). Reductions in zonal Tu and Co Area 
measurements and Area Fraction data were recorded by Collins (1997 - unpublished data) in a 
blinded assessment of laminitic pony SM compared with control normal pony material. 
it is not possible at this stage to confirm what specific morphometric characteristics of the 
donkey SM, documented within this chapter of the thesis are affected by the laminitic condition'? 
Whether the nature and/or extent of the DP dislocation event do indeed directly affect the 
structural characteristics? What formational and/or deformational events are involved'? How 
does the progression of the condition alter the structural organisation of the SAP These are all 
critical questions arising from this study that need to be investigated further. The answers to 
these questions will only come from controlled trials involving normal donkey material to 
provide essential baseline structural data. Concurrent radiographic evaluation is required to 
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further investigate the potential relationship between morphometric characteristics of structure, 
and DP dislocation. In addition, careful hoof horn assessment, including serial sectioning and 
three-dimensional image reconstruction techniques, is needed to assess structural changes over 
time. This however is totally reliant upon sourcing material from animals in which an accurate 
time line for the condition is known. Hoof horn assessment conducted in this way would also 
serve to provide information regarding potential structural change of formational origin. 
Histometric and/or morphometric evaluation of the dermo-epidermal junction at the CB would 
also provide evidence as to dermal changes that may affect hoof horn formation e. g. BM 
degradation, changes in papillary morphology, papillary branching, or loss of papillary 
structure. 
Finally morphological assessment of material previously loaded at stress levels in excess of 
bioyield, coupled with non-linear computer modelling techniques, may provide a means of 
simulating structural change of deformation origin. 
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5. MATERIAL TESTING OF LAMINITIC DONKEY HOOF HORN 
5.1 OVERVIEW 
The objective assessment of hoof quality in respect of function poses a particular challenge 
(Reilly 1995). Resolving these issues represents an important step towards unravelling the 
structure-function relationships that exist within the hoof, and also in understanding the 
functional effects of pathological change. 
The ability of the hoof wall to achieve its functional objectives of force modulation and energy 
absorption is ultimately governed by its defining material properties. Hence the assessment of 
material properties represents an essential element of a comprehensive materials 
characterisation of laminitic hoof hom. 
The ability of the hoof wall to accommodate and resist imposed forces is determined by its 
modulus of elasticity, whilst energy absorption, prior to permanent deformation, is determined 
by the resilience of the 'material'. The objective assessment of these specific material properties 
is therefore of paramount importance in elucidating the biomechanical function of the hoof', and 
assessing the effect of pathological change. 
Whilst the modulus of elasticity has been widely reported within normal equine hoof horn, and 
more recently in the donkeyby Collins etal. (1998) and Hopegood (2002), little is known ofthe 
energy absorption capabilities of equid hoof horn. In addition, despite the debilitating 
biomechanical consequences of the laminitic condition, its effects upon these key material 
properties have not been previously reported in the equid. These issues represent major 
shortcomings within the present knowledge base. 
This chapter seeks to address these outstanding issues, and details work associated with the 
objective assessment of both the modulus of elasticity and resilience of laminitic donkey hoof 
horn under controlled testing conditions. 
5.2 INTRODUCTION 
The biornechanical capabilities of a biological system are dependent upon the material 
properties of its constituent elements (Wal incent 1992, inwright el al. 1976, Vogel 1988, V, 
Biewener 1992). However the specific loading response of a 'material' is also affected by the 
nature, magnitude, and direction of the applied load (Gordon 1976). 
Hence Vincent (1992) stated that mechanical testing of biological materials must appropriately 
reflect the conditions under which the material functions. Thus this author stated that the tensile 
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testing of a biornaterial that is predominantly subjected to compressive forces 'in vivo' is 
i. nappropriate when endeavouring to elucidate the materl II 'als functional capabilities. 
Due attention must therefore be given to the nature and extent of the loading condition to which 
the material is subjected 'in vivo' (Vincent 1992). This infori-nation must form the basis by 
which relevant mechanical properties are identified, and also, in establishing appropriate testing 
protocol by which to investigate these mechanical properties. 
5.3 MATERIAL PROPERTIES OF EOUID HOOF HORN 
Various studies dating back over the past 100 years have attempted to characterise the material 
properties of equid hoof hom. However these studies have variably used a range of different 
material testing techniques, in an apparent ad hoc manner, to define a number of different 
material properties. In fact, until the recent work of Leach (1980), Kasapi and Gosline (1996, 
1997), Collins et al. (1998), Hinterhofer et al. (1998), Reilly (2001) and Hopegood (2002), there 
has been little detailed debate as to scientific rational behind their selection criteria. Direct 
comparisons between these historical studies have been limited further by the fact that standard 
testing protocols have not been adopted. Hence progress to date in establishing the structure- 
function relationships within the hoof wall has been limited. As a consequence of these facts, 
our knowledge of the impact of pathological change is poorly understood, and the 
biomechanical consequences of these changes are unknown. 
If effective progress is to be achieved, there is need to review this situation and ensure that 
relevant material properties are identified, appropriate testing techniques employed, and 
standard testing protocols adopted. This must take into account knowledge both of the 
biornechanical functioning of the hoof wall, and the structural organisation and material 
properties of the hoof horn. In addition, the practical limitation of conducting mechanical testing 
within the laboratory environment must be considered in arriving at appropriate testing regimes. 
In this way it will be possible to objectively assess the key defining material characteristics of 
the material in a controlled and repeatable manner. This will ensure a common basis of 
reporting. In addition, this approach will provide a basis by which structure-function 
relationships can be further investigated, and effects of pathologic change effectively evaluated. 
Section 1.9, highlighted that fact that the hoof wall deforms in a consistent and repeatable 
manner during loading. This deformation generates internal forces that counter these loading 
forces. This deformation however must not be excessive, so as to maintain protection to the 
sensitive structures of the foot and prevent catastrophic failure. This deformational response is 
central to the process of force modulation and energy absorption within the hoof, and also the 
cyclic force transfer between the skeleton and the ground. 
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The modulus of elasticity (E) that dictates the degree to which a linear elastic material deforms 
for a given load, whilst the resilience of the material determines the amount of elastic energy 
absorbed dunng this deformation (Wainwright et al. 1976). As such, these parameters represent 
fundamental defining characteristics which have specific functional importance to the hoof 
(Collins et al. 2002). An intimate relationship exists between E and resilience (See Appendix 1). 
That is: - 
Resilience = (YY2 / 2E 
Where: 
E= Modulus of Elasticity 
Gy = Yield Stress - the stress level that marks the proportional limit of the stress-strain 
relationship of the 'material'. 
5.3.1 THE MODULUS OF ELASTICITY OF EQUID HOOF HORN 
The E of equine hoof horn has been widely reported - see Table 5.1. However determination of 
this parameter has been conducted under a range of different testing and loading conditions. E 
has been determined under uniaxial conditions, including both tensile and compressive loading 
forces, and also under flexural loading (bending). It is important to note however, that absolute 
values are strongly influenced by the nature of the loading conditions. In this regard, flexural E 
only approximates to E derived under uniaxial conditions (BSEN 2746 1998). In fact E values 
obtained under uniaxial conditions may themselves differ, dependent upon whether the material 
is tested under tensile or compressive loading conditions. Hence in order to arrive at E values 
that are of functional relevance, testing must be performed under conditions that appropriately 
reflect 'in vivo'loading conditions. 
Considerable debate exists however as to the precise nature of the 'in vivo' forces to which the 
hoof wall is subjected (Newlyn et al. 1998). Leach (1980) surnmarising the earlier theoretical 
work of Mair (1974) and Bartel (1978) relating to hoof function stated that the hoof wall was 
likely predominated by the influence of compressive forces. More recently, 'in vivo' surface 
strain gauge studies by Thomason et al. (1992), Chang el al. (1993) and Thomason (1998) have 
reported that the hoof wall was indeed subject to biaxial compression at the MDC anatomical 
site during weight bearing. 
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Table 5.1 Summary table of modulus of elasticity values for the Full HWD equid 
hoofhorn 
Author Area of Hoof Modulus of Hydration Status Strain Rate M-1 
Wall Tested Elasticity (MPa) 
Tensile Testing 
Bertram (1984) 
Bertram and Dorsal wall 410-485 MRm 3333 
Gosline (1986) 2630 MRRH75 
3360 MRRH53 
14600 MRO 
Kasapi and Dorsal wall 280 MRm 1600 
Gosline (1996) 320 32000 
470 330000 
850 70000000 
Compression Testin 
Butler (1976) Dorsal wall 372 MRm 4233 
Zoerb and Leach Dorsal wall 215 MRF 850 
(1978) 
Landeau et al. Dorsal wall 216-402 MRm 1730-2870 
(1983) 1 1 1 
Flexural Testing 
May (1924) Dorsal Aspect 500 MRm Not Stated 
Garnhaft (1925) Dorsal Aspect 471-491 MRm Not Stated 
Kasapi and Dorsal wall 410 MRm 32000 
Gosline (1996), 
Kasapi (1997) 
Reilly (2001) MDC-PNHG 1347 MRo 694 
457 MRF 
345 MRm 
Key: MR, Moisture Regain. Subscript, M for Maximal Hydration Level, F for Fresh, 'in vivo' Hyaration. 
Level. 0, Dehydrated. RHXX, equilibrated at specified relative humidity. 
However Hood et al. (1991) utilising force transducers capable of discriminating between 
compressive and bending forces stated that pure compression alone was not recorded in the hoof 
wall. These authors stated that the hoof wall was subject to either pure bending or, a 
combination of compressive and bending forces. Indeed computer modelling of the donkey hoof 
wall by Newlyn et al. (1998) also predicted a similar combination of compression and bending 
forces occurring at the MDC anatomical site. These findings have been used both by Reilly 
(200 1), in respect of the horse, and Hopegood (2002), with the donkey, as a justification for the 
adoption of flexural testing protocols. 
However the relative proportion of these two forces has not been determined in either equid. 
What can however be deduced from first principles is that, the steeper the DHWA, the greater 
the compressive component will be. This may be of particular relevance with regard to the 
donkey, given the relative upright nature of the hoof wall, Hence the relative compressive 
component is likely to be greater than that experienced within the horse. This remains a pivotal 
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issue with regard to establishing an optimal testing protocol for the assessment of donkey hoof 
horn. 
Several researchers including most recently Kasapi and GoslIne (1996,1997), Douglas el al. 
(1996,1997) and Douglas (1998) have determined the E in response to tensile loading 
conditions. There is however little evidence to support the 'in vivo' predominance of tensile 
forces within the capsule. Whilst it is accepted that the occurrence of tensile forces are an 
essential prerequisite for crack formation, there distribution within the hoof capsule is likely to 
localised, or occur in association with compressive forces due to flexure within the hoof' 
capsule. 
it is not known whether the uniaxial modulus of elasticity is independent of nature of the 
loading force. Douglas et al. (1996) reported significant differences between the E obtained by 
tensile and compression testing. The tensile modulus (ET - Subscript T for tensile) was 
significantly lower than the corresponding value obtained by compressive loading (E(. - 
Subscript C for compressive) However these authors could not discount the potential effects of 
experimental error, due to sample slippage within the retaining clamps. Hence they were unable 
to confirm an actual difference in uniaxial moduli. Until this issue is resolved direct 
comparisons of data obtained under tensile and compressive loading must be viewed with due 
caution. This issue is also of particular relevance with regard to the determination of the flexural 
modulus (EF- Subscript F for flexural). This is because one of the guiding tenets of bending 
theory is that the both the compressive and tensile moduli of the material are assumed to be the 
same. 
5.3.1.1 INTRINSIC FACTORS AFFECTING THE MODULUS OF ELASTICITY OF HOOF 
HORN 
Nature has a tendency to rely upon pliant materials that exhibit Visco-elastle material properties. 
In addition the organisation of these materials is such that a distinct directional component often 
occurs within the structure. These factors combine to produce a blomaterial in which material 
properties are also highly dependent upon: - 
0 Sample orientation 
Loading rate 
Hydration level 
MECHANICAL ANISOTROPY 
The structural organ'satlon evident within many biological materials results in the generation of 
anisotroPic mechanical behaviour (Wainwright el aL 1976), where the E is dependent upon the 
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direction of loading. The anisotropic nature of equid hoof hom. has been reported by several 
researchers including, Leach (1980), Bertram and Gosline (1987) and Kasapi and Gosline 
(1997). 
It is not known what elements within the design hierarchy of the hoof that is responsible for the 
development of this anisotropic behaviour (Kasapi and Gosline 1997). However it has been 
suggested by Schurnmer el al. (1981), Cope et al. (1998) and Newlyn et al. (1998,1999) that 
the structural organisation of the equid hoof at the microscopic level may act as a unidirectional 
fibre composite. In this regard, the hom tubules serve as reinforcing fibres dispersed within a 
matrix of intertubular hom. It was suggested by Newlyn et al. (1998) that this structural 
organisation exists to afford the hoof with the mechanical advantage inherent within composite 
material (see Section 1.9.2). If this indeed is the case, it is reasonable to expect that there would 
be a relationship between the structural organisation and the principle loading forces evident 
within the hoof wall. 
Surface strain gauges have been used to attempt to elucidate this potential relationship in both 
the horse (Thomason et al. 1992, Chang et al. 1993) and the donkey (Chang et al. 1993). The 
results of these experiments are equivocal. Whilst Thomason et al. (1992) reported that no such 
relationship could be discerned, Chang et al. (1993) stated that a direct relationship existed 
between the tubular axis and the direction of principle loading strain in both horses and 
donkeys. 
HYDRATION EFFECTS 
The effect of hydration upon the E of horn material has been well documented. This has been 
investigated in Gemsbok head hom (Kitchener 1987, Kitchener and Vincent 1987), Bovine claw 
horn (Baillie et aL 2000), equine hoof hom (Bertram and Gosline 1986, Reilly 2001) and 
donkey hoof hom (Collins et A 1998, Hopegood 2002, Hopegood et A 2003a). These studies 
have variably investigated E values across a range of moisture levels ranging from dehydrated 
to maximal hydration. The results of these studies are broadly consistent in two important 
respects. Firstly there is an inverse relationship between the level of hydration and E. It is 
important to note however, that the detailed work of Baillie el al. (2000) suggests that this 
relationship is not linear. The sigmoidal relationship reported by these authors is consistent with 
that expected from a viscoelastic material passing through glass transition. Secondly, specimen 
hydration, from dehydrated to maximal hydration, results in an order of magnitude decrease in 
E, a gigapascal to megapascal shift. The results of the work of Hopegood (2002) are given in 
Table 5.2. In addition Latham (2001 - Pers Com. ) recorded a mean EF for full HWD of 
205MPa 
at maximal hydration. 
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Collins et al. (1998), Reilly (2001) and Hopegood (2002) commenting upon the effects of 
hydration upon E, stated that in order to effectively compare E, specimens must be controlled 
with respect to their moisture levels. 
In order to arrive at appropriate control measures for the effects of moisture a concurrent 
analysis of the hydration characteristics of laminitic donkey hoof horn was undertaken. This 
study was conducted on material obtained from the laminitic trial population (Collins 2003 - 
Unpublished data). 
This assessment used gravimetric techniques to characterise gross moisture levels within the 
hoof horn material. Percentage Moisture Content, %MC (Von Bergen 1963) and Moisture 
Regain, MR (ASTM D1576-90) data were determined, both at 'in vivo' (subscript F for fresh) 
and maximal (subscript M for maximal) hydration levels. This was performed in accordance 
with the desiccant drying technique advocated by Collins et al. (1998) and Hopegood (2002). 
Percentage Saturation (%S) data were also determined at 'in vivo' hydration levels, based upon 
Moisture Regain (subscript R for regain). 
In addition, the technique of differential scanning calorimetry (DSC) was used to further 
investigate the nature of the water-hoof interaction. This inferential technique enabled the 
objective assessment of the partitioning of water within the material into distinct 'bound' and 
'free' water fractions. This is of particular importance because it is water that binds directly to 
the material (the 'bound' water fraction) which is responsible for the modulation of material 
properties, through the process of 'plastic isation' (Marks 198 1 ). 
The data obtained from this hydration characterisation study are summarised in Appendix VIL 
These analyses highlighted the following: - 
0A statistically significant dorso-palmar increase in zonal moisture content (MC) and 
moisture regain (MR) values across the HWD (P<0.05), at both 'in vivo' and maximal 
hydration levels. 
%SR data indicated that at 'in vivo' hydration levels, the full HWD was at -90% of the 
material's capacity to hold water 
Zonal differences were present in the absolute amounts of 'bound' and 'free' water, and 
also in the partitioning ratio of 'bound' to 'free' water fractions within each respective 
zone 
" At 'in vivo' hydration levels predicted data indicated that Z2 and Z3 were at moisture 
levels which exceeded their respective bound water capacity, whilst ZI was 
1.6gH20/lOOgDM below its bound water capacity 
" There were no 'between Laminitic Group' differences in MCF, MRF, MR,, -, MRm, or 
%SR values 
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* There was NSD in full HWD and zonal MCF, MRFq MRFq MRm values, between 
laminitic donkey hoof horn obtained in this study, and corresponding data previously 
reported for normal donkey hoof horn by Hopegood (2002), at either 'in vivo' or 
maximal hydration levels 
* There was NSD in either full HWD or zonal O/OSR values between laminitic donkey hoof 
hom calculated in this study, and data derived by this author, from MR data reported for 
normal donkey hoof horn by Hopegood (2002) 
In conclusion, there appears to be no laminitic effect upon the gross moisture levels within 
donkey hoof hom. In addition, the 'in vivo' hydration levels suggest that the donkey hoof horn 
material is in a state approaching full plasticisation. The specific implications of these findings 
in respect of material testing are discussed in Section 5.6.4. 
Table 5.2 Full HWD moduli values for donkey hoof horn at three different hydration 
levels (after Hopegood 2002) Adapted to meet the convention of this thesis 
Hydration Level Mean SD cv 
Dehydration (O%MC) 2168 MPa 510 MPa 0.23 
'In Vivo' Hydration 
(MCF) 
194 MPa 64MPa 0.33 
Maximal Hydration 
(MRm) 
135 MPa 42 MPa 0.28 
Key: MR, Moisture Regain. Subscript F for 'fresh'. Subscript M for Maximal. 
STRAIN RATE DEPENDENCY 
The work of Kasapi and Gosline (1996) is the only study that has attempted to assess the effect 
of strain rate upon E within equine hoof horn. These authors investigated tensile E of fully 
hydrated hoof horn over a range of strain rates that were considered to span the likely 'in vivo' 
levels encountered by the hoof wall. The results of this study revealed that the tensile E of 
equine hoof horn was strain rate dependent. A four order of magnitude increase in strain rate 
(ranging from 1.6xlO-' - 70xl 06ýý-l ) resulted in a three-fold increase in tensile E. It is 
important to note that the higher strain rate used in this study reflects the initial, and transient, 
high velocity ground impact spike, that these authors considered was responsible for crack 
initiation. The effect of strain rate upon the E in donkey hoof hom has not been previously 
investigated. However if this material does indeed display a similar characteristic to that of 
equine hoof horn, then a clear understanding of its precise effects needs to be established. 
5.3.2 DORSO-PALMAR VARIATION IN MODULUS OF ELASTICITY 
The dorso-palmar variation in E across the equine hoof wall has been widely reported (Leach 
1980, Douglas et al. 1996, Kasapi and Gosline 1997, Hinterhofer et al. 1998, Wagner et at 
2001). These studies have indicated the presence of a dorso-palmar decrease in E across the 
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HWD. However, the nature and extent of the variation in E remains uncertain, as indeed are the 
mechanisms that account for its presence within the hoof wall, and the functional significance of 
this variation within the hoof wall. 
Reilly et al. (1996) suggested that the dorso-palmar variation in structural organisation and 
hydration levels (previously detailed in Chapter 4) might provide a mechanism for modulating 
material properties across the hoof wall depth. 
Progress towards elucidating these issues has been hampered in the absence of standardised 
testing protocols with adequate controls of confounding variable effects. Consequently different 
studies have adopted different testing methods, performed at different hydration levels, and 
divided the hoof wall differently. 
Whilst earlier studies by Leach (1980) divided the hoof wall oil an arbitrary basis into aii 'inner' 
and 4outer' region, the latter work of Kasapi and Gosliiie (1996,1997) and Wagner ef al. (200 1) 
have used variation in macroscopic tubular morphology as a basis for division. More recently, 
Latham (2001 - Pers Com. ) and Hopegood (2002) have reported a similar dorso-palmar trend of 
decreasing E within the hoof wall of the donkey. These studies recorded the regional variation 
in flexural E across the hoof wall depth, at the MDC sampling site. Whilst the work of Latham 
(2001 - Pers Com. ) was conducted at maximal hydration, Hopegood (2002) established E 
values at three different hydration levels. The results of these studies are summarised in Table 
5.3 and Table 5.4 respectively. 
Hopegood (2002) concluded that dorso-palmar variations in MC alone accounted for the 
variation in E evident across the HWD. This study did not however fully investigate the 
potential effects of structural organisation, nor indeed consider the issue of water partitioning 
within the hoof. 
In this regard, regional anisotropy has been recorded across the dorso-palmar depth of the hoof 
in equine hoof hom. Indeed Douglas et al. (1996) and Kasapi and Gosline (1997) reported 
significant differences between axial and lateral E. These findings are inconsistent with the 
assertion of Hopegood (2002) that moisture content alone accounts for the variation in E. The 
findings of Douglas et al. (1996) and Kasapi and Gosline 1997) suggest that the structural 
organisation of the hoof horn material also affects this relationship. 
The functional significance of this dorso-palmar variation is not known and remains a matter of 
debate. Leach (1980) and Reilly et al. (1996) suggested that these variations might be of 
fundamental importance in achieving the smooth and painless stress transfer to the dermal 
tissues of the foot. Conversely zonal variation in E may also serve to concentrate stress within 
the outer regions of the hoof wall and hence protect the sensitive structures of the foot (Reilly et 
al. 1996,1998a and Kasapi and Gosline 1997). The zonal variations in E may result in the hoof 
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wall acting in a similar manner to a laminar ply. Bolliger (1991) stated that these zonal 
differences might result in decreased cohesion in the transitional region between zones. Indeed 
it is to be expected that stress would be concentrated within such transitional regions, leading tO 
zonal delarnination. 
Table 5.3 Zonal moduli values for donkey hoof horn at maximal hydration (after 
Latham 2001 - Pers Com. ). Adapted to meet the convention of this thesis. 
II Zone I Zone 2 Zone 3 
I Mean 1 355 MPa 168 MPa 115 MPa 
Table 5.4 Zonal moduli values for donkey hoof horn at different hydration levels 
(after Hopegood 2002 ) Adapted to meet the convention of this thesis. 
Zone II Zone 2 Zone 3 
Dehydrat (O%MC) 
-- Median 1754 MPa 1993 MPa 1547 MPa 
IQ Range 1413-2918 MPa 1147-2230 MPa 1151-2016 NlPa 
Min - Max 1390-3600 MPa 882-2371 MPa 933-2210 MPa 
'In vivo' Hy ration (MRF) 
__ _ Median 996 MPa 360 MPa 411 MPa 
IQ Range 707-1852 MPa 215-1098 MPa 313-476 MPa 
Min - Max 602-2122 MPa 91-1172MPa 259-515 MPa 
Maximal Hy ration (MRm) -- Median 279 MPa 100 MPa 79 MPa 
IQ Range 203-574 MPa 73-298 MPa 68-125 MPa 
Min - Max 162-642 MPa 60-311 MPa 66-136 MPa 
389H20/lOgDM ydration (MR38) 
Median 279 M a* 252 MPa 244 MPa 
IQ Range 203-574 MPa 154-713 MPa 154-713 MPa 
Min - Max 162-642 MPa 119-765 MPa 127-614 MPa 
Key: MR, Moisture Regain. Subscript F for 'in vivo' Hydration level. Subscript M for Maximal 
Hydration level. *Zone I MR38 = MRm. 
5.3.3 ENERGY ABSORPTION IN THE HOOF 
The ability of the equine hoof to absorb energy has not been evaluated in detail. In fact, the 
work of Kasapi of Gosline (1997) represents the only detailed study to have reported energy 
absorption within the hoof wall. These authors reported total energy absorbed to failure in fully 
hydrated hoof horn for the outer, middle and inner hoof wall zones at 7.5,5.9 and 8.0 MJm-'. 
However, based upon the reported yield stress values for the respective zones at 9.5,7.5 and 
6.5MPa, the corresponding resilience values for the respective zones can be derived from first 
principles (see Appendix 1). The derived resilience values recorded in this study were -0.080, 
0.065 and 0.070 MJm-' respectively, to give a 'weighted' average for the full HWD of 
0.072MJm-'. Zoerb and Leach (1978) cited resilience values for full HWD samples obtained 
from one individual. These authors recorded energy absorption at 0.23 MJm-' 
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5.4 THE EFFECT OF LAMINITIS UPON THE MECHANICAL PROPERTIES 
OFHOOFHORN 
Despite the debilitating effects of hoof horn defects, there is little objective infon-nation 
regarding the effect of pathologic change upon the mechanical properties of the equid hoof 
horn. Indeed the work of Garnhaft (1925) is the only published study to have reported E values 
for larninitic hoof hom. 
This study however commented upon the inherent difficulty in obtaining consistent and 
repeatable values from this pathologically altered material. Indeed the study was therefore 
restricted to the assessment of only two individuals. In this regard, Gamhaft (1925) stated that 
the published values must be viewed as a guarded estimate of the 'true' E. Drawing definitive 
conclusions from this early study is therefore inappropriate. 
5.5 MODE OF TESTING 
The objective assessment of the E is dependent both upon the mode of testing and the practical 
limitations inherent within the respective testing techniques. Hence the suitability of these 
respective techniques must be assessed in context of the functional relevance and accuracy of 
the data obtained. 
5.5-1.1 TENSILETESTING 
Although tensile testing has been widely adopted including Douglas 1998, Kasapi and Gosline 
(1997), and Ley et al. (1998), tensile forces do not predominate during 'in vivo' capsular 
loading (Leach 1980, Thomason et al. 1992). Hence the value of the derived E is of doubt with 
specific regard to locomotor function. 
In addition, sample slippage represents a particular concern when assessing the accuracy of 
published data, especially when displacement readings taken from the testing machine has been 
used to calculate the resultant E. Sample slippage results in an overestimation of actual sample 
displacement, and hence results in an underestimation of true E. Kasapi and Gosline (1996, 
1997) realised this fact, and countered the slippage effect by obtaining displacement values 
direct from the sample specimen. This was achieved by the use of an extensometer attached to 
the specimen. This procedure, however, not only necessitates the added complication of 
accurately calibrating, and effectively securing the extensometer to the specimen, but it also 
requires the accurate fashioning of necked test samples. These issues pose particular practical 
problems with regard to sample preparation. 
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5.5.1.2 FLEXURAL TESTING 
In order to obtain functionally relevant data, testing must be approximate to 'in vivo' 
conditions, both in respect to the nature and direction of the loading forces. In this regard, 
flexural and/or compressive testing of the hoof horn would appear to be more appropriate mode 
of testing in comparison to tensile testing. In fact, Flexural testing of equid hoof horn has been 
widely reported in the horse (Hinterhofer et al. 1998, Wagner et al. 2001), the pony (Reilly 
2001), and the Donkey (Collins et al. 1998, Hopegood 2002, Hopegood et al. 2003a). 
There are however, inherent issues relating to flexural testing that affects the suitability of this 
specific testing mode for obtaining functionally relevant data. These issues have not received 
due consideration. These issues arise due to a combination of intrinsic factors, relating to 
bending theory, and extrinsic factors regarding the geometry of the hoof capsule. 
Bending theory dictates that the effects of inter-laminar shear must be negligible within the test 
specimen. Inter-laminar shear results in the underestimation of the true EF. A minimum span to 
depth ratio of 10: 1 is required within the test sample so as to control against inter-laminar shear 
effects during testing (Jackson 1992). 
This has a profound effect upon the sample size and sample orientation that can be successfully 
used for testing. This is particularly the case, when assessing Full HWD EF. Indeed given the 
biological constraints of capsule geometry, it is only possible to manufacture, and appropriately 
test, Full HWD samples in the circumferential y-z plane, i. e. perpendicular to the tubular axis. 
This plane of loading is contraindicated by 'in vivo'hoof capsule deformation, and hence this 
questions the functional relevance of testing in this plane. 
In fact it is not readily possible to even attain partial HWD samples, fashioned in a direction 
which allows appropriate 'in vivo' loading directions, that conform to the 10: 1 depth to span 
requirement. Hence serious doubts must be expressed with regard to the recent work of 
Hinterhofer et al. (1998) and Wagner et al. (2001) as to whether the test samples used in these 
studies conformed to this minimum depth to span requirement. 
Hopegood (2002) tested zonal samples, which meet the 10: 1 depth to span requirement, in the 
y-z plane. Not only was the testing conducted in a loading direction of questionable function 
relevance, but also the test samples were only of Imm proximo-distal height. This raises two 
additional concerns regarding the suitability of this testing protocol. 
Firstly, there is the question as to how representative of the hoof wall is a sample of only Imm. 
proximo-distal height. Secondly, Hallab et aL (1991) and Vincent (1992) stated that there was a 
need to consider whether it was the structure, or the material, which was being evaluated during 
testing. In this regard, Hallab et al. (1991) stated that sample size must be sufficiently large to 
reflect the structural organisation of the material. There is clearly uncertainty as to whether the 
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macroscopic structural organisation is effectively being assessed in such relatively small test 
samples. Further work is required to address these concerns and provide definitive answers. 
The practical limitations detailed above need to be successfully addressed in order to obtain 
accurate values of E that are of functional relevance, and which reflect the structural 
organisation of the hoof wall. Compression testing affords this opportunity. 
5.5.1.3 COMPRESSION TESTING 
Compression testing offers several distinct advantages over flexural or tensile testing modes. 
These include: - 
0 Samples can be readily tested in accordance with the nature and direction of 'in vivo' 
loading forces 
0 Relatively large samples can be used - hence the effect of structural organ'sation can be 
investigated 
0 Structural amsotrophy can be investigated 
e Minimal test sample preparation 
0 No specimen clamping required 
Specimen displacement can be readily measured direct from the testing machine 
The Ec of equid hoof horn has been evaluated by several researches most notably Butler ( 1976), 
Zoerb and Leach (1978), Leach (1980), Leach and Zoerb (1983) Landeau et al. (1983) and 
Douglas el al. (1996). However standardised testing protocols have not been adopted between 
studies, hence direct comparisons between the resultant data is inappropriate without careful 
consideration. This is further complicated by the fact that the rational and detail relating to the 
specific testing protocols adopted in these studies is poorly defined. This is of particular 
relevance, as effective compressive testing of biornaterials represents a particular challenge 
(Wainwright 1998 - Pers Com. ), and requires careful evaluation of experimental design (Vogel 
1998 - Pers Com., Bertram 1998 - Pers Com. ). 
5.6 THEORETICAL CONSIDERATIONS 
The accurate deten-nination of Ec assumes: - 
0 Equal stress distribution within specimen 
Conditions of plain strain 
Absence of 'End effects' - uninhibited response to loading at the platen-specimen 
interface 
Absence of buckling phenomena 
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There are however, a number of inherent practical problems in attaining these ideal test 
conditions associated with compression testing techniques (Wainwright 1998 - Pers Com., 
Vogel 1998 - Pers Com. ). These potential sources of expenmental error can significantly affect 
the accuracy of the E(, determination. These are discussed in detail in ASTM D 695 - 96 and E9 
- 89A". It is therefore imperative that these issues are both fully evaluated, and also that 
measures are introduced in the testing protocol that either eliminate, or at least minimise, their 
effect upon E(ý determination. 
These sources of potential error relate to: - 
Specimen preparation 
Specimen geometry 
Mode of force application 
Measurement of specimen displacement 
The accurate determination of Ec assumes conditions of uniform load distribution, and also 
uninhibited specimen displacement in response to this load. In respect of load application, this 
necessitates that the platens are in parallel alignment. In addition, the loading surfaces of the 
specimen must be not only parallel, but also orthogonal to the direction of the applied load. 
Failure to achieve this will result in uneven loading, leading to stress concentration and the 
generation of shear forces within the specimen. This leads to an underestimation of Ec. 
Therefore ensuring that specimen preparation and force application results in uniform force 
distribution is of paramount importance 
Friction at the platen specimen interface is a limiting factor in attaining conditions of plain 
strain. In this respect, the orthogonal expansion of the specimen is restricted at each platen 
interl'ace. This leads to the development of what ASTM E9 - 89A" refers to as 'barrelling' 
behaviour, in which the specimen assumes the shape of a barrel during loading. This behaviour 
results in an overestimation of Ec. Hence reducing the frictional coefficient evident at the 
platen-specimen interface, and also minimising this barrelling behaviour, is of primary 
importance. 
The greater the cross sectional area of the loading surface, the greater is the frictional resistance 
to lateral expansion. The extent of this barrelling behaviour is also affected by specimen size, in 
particular, by the aspect ratio of the specimen, i. e. the ratio between the height, or gauge length 
ofthe specimen, and its width, and depth. The smaller the aspect ratio the greater the barrelling 
effect for a given load. In this regard, increasing gauge length will minimise specimen 
barrelling. 
I lowever, increasing gauge length also increases the likelihood of initiating specimen buckling. 
Specimen buckling results in an underestimation of E, as apparent displacement for a given 
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load is increased. The buckling load is inversely proportional to the square of the length to 
minimum cross sectional dimension. Hence, the extent of buckling within a sample is related to 
the aspect ratio of the test sample. A compromise therefore has to be struck between 'barrel I ilig' 
and 'buckling' effects. In this regard, Linde et al. (1992), and Linde (1994) recommends that E(, 
determination should be conducted at an aspect ratio of 2: 1. 
it is important to note that this critical ratio allows both full HWD and zonal samples to be 
manufactured and tested in functionally significant loading directions, i. e. in the axial and lateral 
direction. In addition, the limiting ratio is such that test samples of relatively large proximo- 
distal height can be produced. In this way, there can be confidence in the fact that the structural 
organisation of the hoof wall is being assessed during tested. 
Linde et al. (1992) and Linde (1994) commented upon another form of 'end effect' that presents 
itself when testing cellular solids. Cellular solids have unsupported 'free ends' at tile platen 
specimen interface. The lack of transverse resistance to deformation results in specimen 
splaying at the platen specimen interface, as the cellular components bend and slide in the 
transverse direction. This deformation results in an overestimation of specimen strain for a 
given load, and thereby contributes to an underestimation of Ec. The greater the proportion of 
the gauge length occupied by these unsupported free ends the greater the underestimation of E(.. 
The mode of assessing specimen displacement represents a key factor in the accurate 
determination of Ec. Displacement can be determined either by direct or indirect means. The 
difficulties associated with direct determination of sample displacement have been discussed 
previously in Section 5.5.1.1. Indirect determination of sample displacement, in which the 
machine displacement is recorded, also represents a potential source of experimental error. This 
results as a consequence of inherent compliance within the testing machine. 
5.6.1 MACHINE COMPLIANCE 
Machine compliance is the 'give' inherent within the 'load string' of the testing machine. The 
load string comprises the platens, their couplings, the test rig and the load cell. Each component 
with the 'load string' is displaced during sample testing, dependent upon the stiffness of the 
respective components within the 'load string'. This results in an underestimation of tile actual 
stiffness of the sample, and thereby leads to a corresponding underestimation of 'true' E(-. 
Hence there is a need to correct these data in respect of machine compliance in order to achieve 
an accurate value of Ec. 
5.6.1.1 CALCULATION OF COMPLIANCE CORRECTED Ec 
Stiffness (F/X) = force per unit displacement 
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Apparent stiffness of sample (F/XApp) = slope of the force displacement plot in the 
initial linear region 
Machine stiffness (F/XMAC) = I/Machine compliance 
Where: 
0 FAMAC = slope of the force displacement plot of the compliance test sample 
Hence: 
0 Compliance corrected stiffness of sample (F/XCOR) = Apparent stiffness/(I -(Apparent 
stiffness/Machine stiffness)) 
Thus: 
0 Compliance corrected stiffness (F/XcOR) ý (F/XApp)/(I-((F/XAPP)/ 
(F/XMAC)) 
Compressive modulus of elasticity E, = stress/strain 
Where: 
0 Stress = F/Area 
0 Strain = ALength/Original Length 
Hence: 
9 Ec, = (F/(Width x Depth))/(X/Gauge Length) ......... (2) 
Thus by rearranging equation (2): 
e Apparent E(- = 
(F/XAPPx Gauge Length)/(Width x Depth) 
Compliance corrected Ec = compliance corrected sample stiffness normalised for specimen 
dimension. 
Thus: 
e Compliance corrected Ec = (FACOR x Gauge Length)/(Width x Depth) .......... 
(3) 
5.6.1.2 WORKED EXAMPLE OF COMPLIANCE CORRECTION 
Let: 
" Gauge Length= 20mm, Width= 10mm, Depth= 10mm 
" FIXAPP= 725 N/mm 
" F/XMA('= 5643 N/mm 
I fence: 
Compliance corrected stiffness FACOR = F/XAPP 
/ (I - 
(F/XAPP / FAMAM 
725 / (1-(725 / 5643)) 
- 832 N1mm 
Apparent Ec, = (F/XAPP x Gauge Length)/(Width x Depth) 
= (725 x 20) / (10 x 10) 
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= 145 MPa 
Compliance corrected Ec = (F/XCOR x gauge length)/(width x depth) 
= (832 x 20) / (10 x 10) 
= 166.4 N/MM2 
= 166.4 MPa 
Thus failure to correct calculations in respect of machine compliance results in a 13% 
underestimation of actual Ec. 
5.6.2 VISCOELASTIC MATERIAL BEHAVIOUR 
If donkey hoof does indeed display viscoelastic material behaviour, then rheological principles 
dictate that Ec will be both dependent upon strain rate and moisture levels. Hence strain rates 
and moisture levels must be controlled. This has important practical implications with regards to 
testing protocol. 
5.6.3 STRAIN RATE 
Strain rate (PLes-1) = Crosshead speed (mm s-'))/gauge length (mm). 
Where crosshead speed is the distance moved by the platen per unit time. 
Specimen gauge length must be such that the resultant aspect ratio approaches the optimal 2: 1 
recommended by Linde et al. (1992). However, as sample depth vary, due to the biological 
variation evident in HWD gauge length must be adjusted accordingly. Hence, in order to control 
for strain rate, the crosshead speeds must be ad . usted in line with this gauge length variation. J 
5.6.4 MOISTURE LEVELS 
Whilst testing at MCF provides information regarding 'in vivo' mechanical properties of hoof 
hom, the dorso-palmar variation in moisture levels prevents further investigation of structure- 
function relationships within the hoof wall. In order to make progress in this area, it is necessary 
to control for water effects within the structure. However, the effective and appropriate control 
of rnoisture levels requires careful consideration. 
Mechanical testing of hoof horn has previously been conducted at: - 
1. O%MC 
2. Specific %MC (equilibrated at a specific relative humidity) 
3. MCm 
However there has been little debate regarding the justification of these different experimental 
approaches. 
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1. O%MC 
Material testing at O%MC may appear to be an obvious approach, however it is important to 
consider the effect of sample desiccation. This may result in gross distortion of the sample 
and/or disruption of the structural organisation of the hoof horn. In addition, the total removal of 
water from the sample will result in phase transition and material embrittlement. Hence the 
associated material properties are likely to be fundamentally different to their 'in vivo' 
characteristics. 
2. Specific %MC 
Equilibrating samples to a specific %MC offers the opportunity of testing material above its 
phase transition. Hence material properties are more likely to approach 'in vivo' characteristics. 
However, little is known as to the degree of plasticisation that occurs at a given %MC in either 
full HWD or zonal samples, nor indeed the critical %MC value that marks the glass transition. 
Norinalising different zones to a constant %MC would result in notable 'between zone' 
differences in O/OSR- It is therefore likely that zonal differences will occur, both in the degree of 
plasticisation and the actual Free Water levels. 
3. MCI, 
Altliougli 'between sample' differences in the absolute amount of water will occur at MCH, all 
samples will be acting at maximal O/OSR. Therefore samples will be normalised in respect of their 
water holding capacity, and will be in a fully plasticised state, and at their maximal Free Water 
level. In addition, Hopegood (2002) reported no significant difference between the EF of donkey 
horn at this hydration level, and that recorded at 'in vivo'hydration levels. 
Indeed it is the opinion of the author of this thesis that testing at MCH represents the most 
effective means of controlling for moisture effects. By adopting this approach, it is possible to 
investigate the specific inter-relationship between structure and the material properties of the 
hoof wall. 
5.6.5 THE COMPRESSIVE RESPONSE OF EQUID HOOF HORN 
A summary overview of previous reported studies specifically relating to the compressive 
response of equid hoof horn is detailed in Table 5.5. These have been appraised with particular 
attention to the critical issues of experimental design outlined within the preceding sections. 
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5.7 CONCLUSIONS 
The E(, and resilience represent key defining material characteristics of fundamental importance 
to hoof function. However, these characteristics have not been previously investigated in 
laminitic hoof horn in either equid species. Nor indeed has the relationship between these 
characteristics and either the structural organisation of the laminitic hoof wall, or the nature and 
extent of degenerative changes within the laminitic foot, been investigated. 
These relationships may be of particular significance with regard to the biomechanical 
functioning of the laminitic foot, and the severity of the condition within the afflicted animal. 
To further elucidate these potential relationships within the hoof wall, standard material testing 
techniques need to be established that can quantify these key material properties. The mode of 
testing must approximate to 'in vivo' loading conditions, and also offer the opportunity to 
explore relationships both at the full HWD and zonal level. In addition, the testing mode must 
provide the opportunity to investigate the effects of structure and specimen orientation. In this 
regard it is the author's assertion that compression testing is the most suited testing mode. 
Specific operating protocols are however required to effectively control for the effects of those 
confounding variables which are known to modulate material properties. It is only in this way 
that structure-function relationships of the hoof wall can be effectively assessed, and the 
materials characterisation furtber elucidated. 
Testing protocols must also minimise potential sources of experimental error inherent within the 
selected mode of testing. These issues have been fully appraised in previous sections within this 
chapter. 
5.8 AIMS 
The aim of this chapter of the thesis was to complete a characterisation of the material 
properties of larninitic donkey hoof hom obtained from the MDC sampling site. In particular, to 
determine the compliance corrected Ec and the resilience of the donkey hoof hom material. 
The specific aims of this chapter were: - 
In the preliminary phase of project 
To devise a standard methodology for the optimised determination of the Ec of 
elasticity and resilience of hoof horn, corrected for machine compliance and controlled 
for hydration effects 
In the preliminary stage of the experimental phase of projec 
0 To obtain consistent force displacement data from this compromised hoof horn material 
* To establish the stress strain relationship in laminitic hoof hom 
208 
0 To devise a means of generating compliance corrected, baseline Ec and resilience data 
for larninitic hoof hom 
0 To investigate the strain rate dependency of Ec determination in laminltlc hoof horn 
To explore mechanical non-isotropy - Establish the axial to lateral E(. ratio within the 
donkey hoof wall 
Establish the stress and strain levels at 'bioyield' in laminitic donkey hoof hom 
in the main experimental phase of projec 
0 To evaluate full HWD and zonal variation in Ec 
To establish the resilience of the full HWD 
To investigate the effect of 'group' upon mechanical parameters of Ec and resilience 
To compare these results with previously published data for 'normal' donkey hoof liorn 
To provide data for the subsequent computer modelling of the hoof wall, and the 
theoretical modelling of the effect of the laminitic condition upon hoof wall function 
5.9 MATERIALS AND METHOD 
5.9.1 COMPRESSIVE MODULUS, RESILIENCE, AND YIELD STRESS AND 
STRAIN DETERMINATION 
5.9-1.1 OVERVIEW OF MATERIAL TESTING EQui PM ENT AND TEST TH EORV 
Mechanical testing was conducted on an Instron 4032 material testing machine using series IX 
software 3. 
The Ec and Resilience were calculated from experimentally derived force displacement data, 
The test sample was displaced at a given rate, determined by the crosshead speed of the testing 
machine so as to achieve a constant strain rate between samples. Sample displacement was 
obtained by indirect means of internally monitored platen movement. The corresponding 
reaction force from the specimen was measured directly from a calibrated load cell. 
The apparent stiffness of the sample was determined from the slope of the initial linear section 
of the resultant force displacement relationship. The apparent stiffness of the specimen was 
corrected in respect of 'machine stiffness', to provide the actual stiffness value of the sample. 
The correction process was performed from first principles in accordance with Section. Machine 
stiffness was determined by a standardised method. 
3 Instron Corp. Massachusetts, USA. 
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Finally, sample stiffness was normalised with respect of test sample geometry to provide the 
compliance corrected Ec for the material. 
The area under the linear region of the derived force displacement plot represented the work 
done by the specimen, that is, the elastic strain energy absorbed by the sample during loading. 
This was quantified from first principles as follows, to derive the resilience of the sample. 
Yield stress (cry) was established by normalising the force recorded at the upper limit of the 
linear, or proportional, section of the force displacement plot (i. e. the point of bioyield) in 
respect of specimen geometry. With cry established, the elastic strain energy capacity per unit 
volume of material (resilience) was calculated from the compliance corrected Ec, where 
resilience = (cry')/M. 
5.9-1.2 EXPERIMENT 1 MACHINE COMPLIANCE DETERMINATION 
The compliance of the Instron 4032 testing machine was determined prior to sample testing. 
This was perfortned in accordance with recommended guidelines (Instron Corp. USA), using a 
rigid inaterial with a stiffness value significantly greater than the 'load string' of the testing 
machine. The compliance procedure was conducted using either a 20xlOxlOmm or 6x3x3mm 
(height x width x depth) steel block with milled parallel plane faces. These two blocks 
replicated the approximate specimen geometry of the full HWD and Zonal samples respectively. 
The parallel faces ensured uniform uniaxial loading and hence minimised potential end effects. 
Compliance determination was performed in respect of each testing protocol, at the same cross 
head speed that was to be employed. In this way, machine stiffness was determined at the same 
rate of strain as the actual test samples. The resultant force displacement data represented the 
'give' of the load string in response to the specific rate of strain for each testing protocol. This 
machine stiffness data was subsequently used to determine the appropriate correction to the 
force displacement data generated from the individual test samples. 
On the basis of preliminary experiments, it was decided to conduct this correction manually, 
based upon first principles, as opposed to using the automatic correction facility of the software 
program. This was due to the fact that the arbitrary nature, by which automatic compliance 
correction was performed, resulted in E values that were both inconsistent and difficult to 
rationalise (Collins - Pers Obs. ). 
5.9.1.3 EXPERIMENT 2 STRAIN RATE DEPENDENCY 
The evaluation of the strain rate dependency of Ec was conducted on material obtained from the 
MDC sampling site of seven laminitic donkeys. A 20mm wide MDC sampling block was 
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removed from the hoof capsule in accordance with Section 2.3.4. This was stored in distilled 
water for 7 days to ensure maximal hydration 
The HWD of the MDC sampling blocks were -10mm. Hence in order to achieve an optimal 
aspect ratio of 2: 1 in the finished testing sample, a 22mm proximo-distal specimen block, that 
symmetrically spanned 50%HWH site, was obtained in the following manner. The position of 
the 50%HWH site was established on the sagittal aspect of the MDC sampling block (see 
Section 2.3-6). The proximo-distal limits of the testing block were established, respectively 
I Imm, proximal and distal of the location of 50%HV; H site. Care was taken to ensure that these 
reference lines were constructed perpendicular to the tubular axis. The medio-lateral extent of 
the specimen block was marked on the dorsal aspect of the MDC sampling block parallel to the 
tubular axis, 6mm media] and lateral of the plane of the MDC. A bandsaw was used to cut the 
MDC sampling block along the proximal, distal, medial and lateral reference lines. In this way, 
a specimen block of approx. 22mm. proximo-distal height x 12mm medio-lateral width x 
_10mm HWD was achieved, with an aspect ratio that approached 2: 1. The medial lateral and 
proximal and distal faces were milled to produce parallel planar faces in the finished test 
specimen. The finished test samples were approximately 20mm xI Omm xI Omm. 
The samples were returned to distilled water storage for a further 7 days to ensure maximal 
hydration. Finally, in order to both safeguard against any effect of differential expansion during 
this storage, and also to minimise friction at the specimen platen interface, the proximal and 
distal loading surfaces were 'planned' using a sledge microtome. 
The blocks were removed from storage immediately prior to testing and blotted to remove 
excess water. Removal of excess water will reduce frictional effects at the specimen platen 
interface. The specimen dimensions were recorded using a micrometer. Three measurements 
were made respectively of the specimen height (gauge length), width and depth, with the 
average of each, used for all subsequent calculations. 
Ec determination was conducted at three different strain rates that spanned a three order of 
magnitude variation in strain rate. These rates fell within the range that Kasapi and Gosline 
(1997) suggested were typically encountered by the equid hoof capsule during static and 
dynamic loading. The strain rates were 667,1667 and 10000ýtF s-1. Mechanical testing protocols 
were established to produce the desired strain rates. 
Strain rate is dependent upon both the crosshead speed of the test, and the gauge length of the 
test specimen, where strain rate = (crosshead speed/gauge length). 
Hence appropriate crosshead speeds were calculated, assuming a gauge length (specimen 
height) of 20mm, to produce the desired rate of strain. In this respect, crosshead speeds of 
0.8mm min", 2. Omm min-' and 12mm min-' would result in strain rates of 667,1667 and 
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I 0000pies" respectively in a test sample of 20mm. gauge length. Crosshead speeds were adjusted 
in line with slight individual variation in gauge length so as to maintain the desired strain rate. 
Samples were tested to a maximun load of 200N, and three consecutive determinations of Ec 
were conducted at each respective strain rate. As the test samples were subjected to multiple 
loading cycles, it was essential to guard against exceeding bioyield. Hence an 'end test' strain 
limit of 0.5% strain was incorporated into the testing protocol. This measure ensured that if 
sample strain reached 0.5%, the test would terminate irrespective of the force level. This level of 
strain represented -66% of the bioyield value previously reported for equine hoof 
horn (Leach 
1980), and also fell below the bioyield of laminitic donkey hoof horn (Collins - Pers Obs. ). 
A standard operating procedure was adopted to minimise experimental error and hence improve 
the accuracy of Ec determination. This focused upon the primary sources of error discussed in 
Section 5.6. This procedure involved: - 
Platen alignment 
Machine compliance 
Sample positioning 
Pre-loading 
Stress relaxation 
Maintenance of specimen hydration level 
TEN ALIGNMENT 
In order to ensure that that the platens were in parallel alignment, the test protocol was 
performed in the absence of a test specimen, with the loading surfaces of the platens in direct 
contact. In 'settling' the platens in this way, conditions of true axial loading are assumed. 
MACHINE COMPLIANCE 
Machine compliance was determined as described in Section 5.6.1, prior to initiation of each 
testing protocol. 
SAMPLE POSITIONING 
To achieve condition of even axial loading, the test sample was carefully located in the centre of 
the base platen. 
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PRE-LOADING 
In order to settle the sample within the test rig, and prevent the occurrence of sample backlash 
during testing, the sample was preloaded to 5N prior to initiating the testing protocol. In this 
way, conditions of axial loading could be maintained throughout the testing cycle. 
STRESS RELAXATION 
A defining characteristic of viscoelastic behaviour is that stress relaxation after the removal of 
load, is not instantaneous as in true 'Hookean' material, but is time dependent. This residual 
stress can adversely affect the accuracy of Ec determination. Hence samples were monitored to 
ensure that they had returned to the initial preload of 5N prior to re testing. Hence each 
consecutive Ecdetermination was were performed under similar pre-load test conditions. 
MAINTENANCE OF SPECIMEN HYDRATION LEVEL 
in order to minimise the loss of moisture to the atmosphere, testing was performed in an 
environmentally controlled testing laboratory. Ambient conditions were maintained at 70%Rli. 
In addition, specimens were returned to distilled water storage for 30 minutes after the 
completion of the third determination at each strain rate. The three consecutive determinations 
were completed in less than 3 minutes. In this way, moisture loss to the environment was 
considered to be minimal, and that Ec determination at each respective strain rate was 
performed at MCm conditions. 
5.9.1.4 EXPERIMENT 2 AXIAL To LATERAL MODULI RATIO 
The axial to lateral Ec ratio was determined at the MDC sampling site of six lamin'tic donkeys. 
I Onjra xI Omm x -I Omm cubic samples were prepared at 50%HWH site in a similar manner to 
that previously described. However in this case, the proximo-distal extent of the test blocks 
were established 5mm proximal and distal of 50%HWH. 
Samples were stored at 4'c in distilled water for seven days to achieve MCm. The samples were 
removed from storage and blotted prior to testing, and sample dimensions recorded 
The standard testing procedure detailed in Section 5.9.1.3 was adopted. Samples were tested in 
compression, at a crosshead speed of Imm, min-' to a maximum load of I OON in both the axial 
and lateral direction. Three consecutive Ec determinations were performed in each loading 
direction. Samples were returned to distilled water storage for 30 minutes after the third 
determination in the former direction so to maintain MCm conditions during testing. The 
resultant compliance corrected Ec values were used to calculate the axial to lateral E, ratio for 
laminitic hoof horn. 
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It is appreciated that these test samples did not correspond to the optimal 2: 1 aspect ratio 
necessary to minimise end effects. Hence absolute Ec values will reflect the sub optimal test 
conditions. However as the aspect ratio in both test directions were the same at 1: 1, 'end effects' 
were likely to be the same in both test directions. Therefore the resultant Ec ratio can be 
assumed to be insensitive to their effects, and thereby represents an accurate measure of the 
directional Ec ratio. 
5.9.1.5 EXPERIMENT 3 EVALUATION OF THE COMPRESSIVE STRESS-STAIN BEHAVIOR 
OF LAMINITIC HOOF HORN 
A preliminary assessment of the stress strain behaviour of laminitic hoof horn was conducted 
using MDC sampling blocks of unknown origin. Specimen blocks of - 20xl0x10mrn were 
prepared and rehydrated in distilled water for 7 days prior material testing to ensure maximal 
hydration. These blocks were tested to failure, at an arbitrary crosshead speed of 2mm minute-'. 
5.9.1.6 EXPERIMENT I DETERMINATION OF FULL HWD AND ZONAL MODULI 
TEST SAMPLE PREPARATION 
Full HWD and zonal material testing samples from the MDC sampling block obtained from the 
trial population of laminitic donkeys. The MDC sampling block was divided in two along the 
plane of the MDC using a bandsaw see Section 2.3.9. 
Full HWD mechanical testing blocks of 20mm xI Omm, x -10mm. that spanned 50%HWH were 
prepared and finished from the medial portion of the bisected MDC sampling block. 
Zonal blocks were prepared from the medial portion of the MDC block. A 3mm wide proximo- 
distal strip, immediately adjacent to the plane of the MDC, was removed from this block using a 
bandsaw. From which, a full HWD strip of 5mm proximo-distal height that symmetrically 
spanned the 50%HWH site was removed with the aid of a craft knife. Cuts were made 
perpendicular to the tubular axis 3mm proximal and distal of 50%HWH. 
In this way, a 6x3x full HWD specimen block was produced. 
This block was divided into zonal testing blocks based upon variation in the macroscopic 
tubular morphology evident in the dorso-palmar aspect of this block. This division produced 
zonal testing blocks for ZI, 2 and 3 respectively of -3mm, 2.5mm and 4.5mm HWD. A final 
proximo-distal cut was made on the inner aspect of the D block, to produce a final test block 
size of -3mm HWD. 
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The zonal test samples were 'finished' in a similar manner to that described for full HWD 
samples. In this way, planar zonal samples approx. -5x 2.5x 2.5 were produced, with an 
optimal 2: 1 aspect ratio. 
HYDRATION AND MEASUREMENT PROTOCOL 
Full HWD and zonal samples were placed in distilled water storage for 7 days prior to testing. 
After rehydration, the load bearing faces planned by microtome as in Section 5.9.1.3, and final 
specimen dimensions deten-nined by micrometer. 
DETERMINATION OF FULL HWD COMPRESSIVE MODULI 
Ecdetermination of full HWD samples was conducted as described previously at a strain rate of 
1667 uFs-1. Standard operating procedures detailed in Section 5.9.1.3 were adopted. 
DETERMINATION OF ZONAL COMPRESSIVE MODULI 
in order to ensure that the determination of zonal Ec was performed at a similar strain rate to 
that of full HWD samples, the crosshead speed of the test was reduced to 0.5mm rnin'. 
Standard operating procedures detailed in Section 5.9.1.3 were observed, with a preload of IN. 
Samples were compressed to a maximum load of 14N with an end strain limit of 4%. Three 
consecutive Ec determinations were made. 
5.9.1.7 RESILIENCE DETERMINATION OF FULL HWD SAMPLES 
A final mechanical test was perfon-ned to establish the resilience of the sample block. The test 
samples were compressed to a maximum load of 20ON without an 'end strain' limit. Bioyield 
was assessed as the point of departure from the initial linear section of the resultant stress strain 
curve. The corresponding area under the stress strain plot up to bioyield was determined. This 
was considered to represent the resilience of the material. Resilience was calculated in 
accordance with Section 5.3. 
5.10 RESULTS 
5.10.1 MATERIAL TESTING 
Figure 5.1 illustrates the typical stress strain behaviour of full HWD tested to ultimate failure. 
The stress strain plot revealed the nature of the stress strain relationship with increasing strain. 
Three distinct regions were evident. Between 0 and -0.75% strain, the stress strain behaviour 
displays a linear, 'Hookean' relationship, in which stress is proportional to strain. 
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Figure 5.1 Stress strain plot of full HWD sample tested to ultimate failure. 
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At approximately 0.7% strain there was a marked departure from this linear relationship. This 
departure was associated with appearance of proximo-distal cracking between the 'outer' and 
'inner' regions of the hoof. The second region extended from -0.8-6.5% strain. In this region 
the stress strain relationship was sigrnoidal. Initially, the tangent of the curve was lower than the 
gradient within the initial linear region. However with increasing strain the tangent of the curve 
approached that of the slope within the linear region. From 3.5-6.5% strain the tangent 
decreased progressively. At -6.5% strain a second abrupt transition occurred. This was 
associated with the proximo-distal delamination (separation) of the 'outer' and 'inner' regions 
of the wall. Thereafter a final linear region was observed of modest slope. Figure 5.2 illustrates 
the typical stress strain behaviour of zonal samples to failure. Marked differences in the stress 
strain behaviour are evident between zones. Never the less, all zones display an initial linear 
region where stress is proportional to strain. The corresponding gradients within this region of 
the stress strain plots differ between zones, with ZI>Z2>Z3. Departure from this linear 
relationship occurs respectively at -7,6.5 and 5% strain. This is in marked contrast with the 
bioyield of 0.75% strain noted in the full HWD. The stress strain response evident within ZI 
following bioyield differed markedly from that observed within Z2 and 3. In the case of these 
latter zones, the response was characterised by the presence of a second linear region. Albeit 
that the transition into this region was more pronounced in D than in Z2. The gradient of this 
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second linear region was similar between zones, and was modest in comparison with that 
recorded for the initial linear region. There was no evidence of gross failure within either zone. 
Figure 5.2 Typical stress strain behaviour of zonal samples to tested to failure. 
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The stress strain behaviour in ZI was more complex. Following bioyield, the stress strain plot 
displays a marked transition into a second linear region. This was associated with the 
appearance of gross signs of proximo-distal cracking. This second linear region was of very 
modest slope compared to that observed in Z2 and 3. This region of the stress strain relationship 
was marked by progressive crack formation, which ultimately resulted in catastrophic specimen 
failure at -40% strain. 
5.10-1.1 COMPRESSIVE MODULUS 
COMPLIANCE 
Compliance correction in respect of the different testing protocols underestimated the true E(- by 
14-18% 
STRAIN RATE DEPENDENCY 
Ec in HWD samples increased with increasing strain rate. The mean Ec at the 3 experimental 
strain rates were 191,221 and 246MPa respectively. Between rate comparisons by paired t-test 
indicated statistically significant differences in the mean Ec recorded at each strain rate (P< 
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0.05). A2 order of magnitude increase in strain rate resulted in a 29% increase in Ec. Figure 5.3 
illustrates the effect of strain rate upon Ec for full HWD donkey samples at maximum hydration 
levels, compared to that reported for the horse by Kasapi and Gosline (1997). A similar power 
law relationship between mean E and strain rate as reported by these authors for the horse, was 
also evident in full HWD donkey hoof horn samples. The R' for the fitted trend line - 0.92. 
Figure 5.3 Comparison of the strain rate dependency of compressive moduli for 
full HWD laminitic donkey samples with moduli data for equine hoof horn 
samples previously reported by Kasapi and Gosline (1996). 
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AxIAL TO LATERAL COMPRESSIVE MODULI RATIO COMPARISONS 
The axial to lateral Ec ratio ranged form 1.2: 1 to 1.7: 1 with a median value of -1.5: 1. 
MAXIMAL HYDRATED COMPRESSIVE MODULI FOR LAMINITIC HOOF HORN 
Anderson - Darling Normality testing confin-ned that the Ec within both full HWD and zonal 
samples displayed a normal distribution (P>0.05). Comparison between the three separate Ec 
determinations for each sample confirmed that there was no significant difference between tests 
(P<0.05). However there was a tendency for the initial determination to be lower for each 
sample than the values recorded in subsequent determinations. 
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It was therefore decided that all reported results and analyses were to be based upon data arising 
from the second Ec determination. Compliance corrected Ec for full HWD samples ranged from 
143 to 253MPa with a mean of 187MPa (+/- 32.3 SD). The coefficient of variation (CV) for full 
HWD Ec was 0.17. Mean Ec values for the three respective zones were 211,167 and 103 MPa 
respectively. A detailed summary of the zonal Ec is given in Table 5.6. 
Table 5.6 Summary table of the compliance corrected zonal compressive moduli 
Zone Mean 
Ec 
Standard 
Deviation 
Min - Max Range cv 
Zone 1 211 MPa 28.9MPa 152 - 253MPa 0.137 
Zone 2 167MPa 40AMPa 93 - 272MPa 0.241 _ Zone 3 104MPa 23.1 MPa 66 - 152MPa 0.221 
Key: Ec, Compressive modulus. CV, Coefficient of variation. 
Analysis of variance indicated significant 'between sample site' differences in Ec (P<0.05). 
Tukey pairwise comparisons revealed significant difference between ZI and Z2 and Z3, Z2 and 
Z3, and also D and full HWD (see Figure 5.4). 
Figure 5.4 Histogram showing 'between sample site' comparison of compliance 
corrected compressive moduli. 
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GROUP COMPARISONS 
The Ec of the full HWD samples in Laminitic Group I ranged from 152 to 225MPa with a mean 
of 17 1 MPa (+/- 21.5). The CV for the 
full HWD samples was 0.125. This compared with a mean 
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Zone 1 Zone 2 Zone 3 HWD 
Ec for Group 2 of 196MPa (+/- 34.8), and a CV of 0.178. The Ec for Group 2 ranged from 143 - 
253MPa. 
Maximum Hydrated Resilience of laminitic hoof horn. 
The compliance corrected zonal Ec data for the two respective laminitic groups is summarised 
below in Table 5.7. Comparison of compliance corrected Ec within the two respective laminitic 
groups by ANOVA revealed significant 'between sample site' differences (P<0.05). In the case 
of Group 1, Tukey pairwise comparisons confirmed significant differences between ZI and Z2 
and Z3, Z2 and Z3, and full HWD and Z2 and D. 
Table 5.7 Summary table of the compliance corrected zonal compressive moduli by 
group 
Parameter Larninitic Group I Larninitic Grou p2 
Zone I Zone 2 Zone 3 Zone I Zone 2 Zone 3 
Mean Ec 184MPa 146MPa 102 MPa 226MPa 181MPa 105MPa 
SD 23.4 MPa 26.0 MPa 24.7 MPa 19.5MPa 42.7MPa 22.6MPa 
Min - Max 152-225MPa 93-167MPa 66-147 MPa 186-253MPa 129-272MPa 72-152MPa 
CV 0.127 0.178 0.242 0.086_ 0.236 0.215 
Key: Ec, Compressive modulus. SD Standard deviation. CV, Coefficient of variation 
Pairwise zonal comparisons within Group 2 were similar to that recorded for Group 1, with the 
exception that there was no significant difference between Z2 and full HWD Ec values. 
Between group comparisons using student t-test indicated a significant difference between the 
compliance corrected mean full HWD Ec for the two respective laminitic groups (P=0.05). 
Similar 'between group' zonal comparisons revealed significant differences for ZI and Z2 Ec 
values (P<0.05). There was NSD between groups in mean Ec for D (P>0.05). The 'between 
group' E(- comparisons are illustrated in Figure 5.5. 
Fu[, L HWD YIELD STRENGTH 
Bioyield was assessed by departure from the initial linear region of the compliance corrected 
stress strain curve. Bioyield occurred within full HWD samples at strain levels that ranged 
between 0.7 and 0.89%. Yield strength ranged from 0.73 - 1.46MPa with a mean of 1.093MPa 
(+/- 0.212 1). The CV was 0.19. 
Group Yield Strength values 
The yield strength of the two respective larninitic groups is summarised in Table 5.8. There was 
NSD between groups in yield strength values (P>0.05). 
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Figure 5.5 Histogram showing 'between group' comparisons of compliance corrected 
compressive moduli 
0 
Zone 1 Zone 2 Zone 3 HWD 
Sample Site 
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Table 5.8 Summary table of yield stress of full HWD hoof horn samples by group 
Laminitic Grou I Laminitic Grou 2 
Min - Max cv Mean (+/- SD) Min - Max cv 
1.04MPa 
(0.15) 
0.85- 1.34MPa 
1 
0.15 1.13MPa 
(0.24) 
0.73-1.46MPa 0.22 
Key: SD, Standard deviation. CV, Uoetticient of variation. 
5.10.1.2 FULL HWD RESILIENCE DETERMINATION 
The energy absorbed by the hoof material within this proportional region of the stress strain plot 
(resilience) ranged from 0.00107 to 0.00556 Mj/M-3 with a mean of 0.00337 (+/- 0.00129) 
Mj/rn-3 The test sample exhibited considerable 'between sample' variability with a CV of 0.38. 
GROUP RESILIENCE VALUES 
The resilience estimates of full HWD samples are given in Table 5.9. Between group 
comparisons revealed NSD in energy absorption to bioyield (P>0.05). 
Table 5.9 Summary table of full HWD resilience values by group 
Laminitic Grou I Laminitic Grou 2 
L+/- SD? J- Meaa Min - Max CV Mean (+/- SD)_ Min - Max cv 
_ 00323 0 0.00226- 0.322 0.00345 0.00107- 0.423 . 
mi/rIf 3 0.00556 Mj/M-3 0.00553 
(0.00104) Mi/rif 3 (0.00146) mj/m-l 
Key: SD, Standard deviation. CV, Uoetticient of variation. 
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MODULUS STRENGTH PERFORMANCE INDICES 
The E to cry indices ranged from 0.00290 to 0.00830 with a mean of 0.00598 +/- 0.00138. The 
corresponding Group values are detailed in Table 5.10. There was NSD between groups 
(P>0.05). 
Table 5.10 Summary table of modulus to yield strength performance indices by 
group 
Lan-dnitic Group Lan-initic Group 2 
Parameter Mean (+/-sd) Min -Max cv Mean (+/-SD) Min - Max cv 
cry/E 0.0061 
( 
. 0010) 
0.0048- 
0.0084 
0.17 0.0059 
(0.0016) 
0.0029- 
0.0082 
0.27 
Key: sd, Standard deviation. CV, Coefficient of variation. 
Figure 5.6 Boxplot showing comparison of Zone I compliance corrected 
compressive moduli in laminitic hoof horn, by group, with compliance corrected 
flexural moduli of normal hoof horn after Hopegood (2002), at maximal hydration 
levels. 
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COMPARISON OF LAMINITIC Vs NORMAL MODULI OF ELASTICITY 
Comparison of full HWD Ec with EF data previously recorded at MRm by Latham (2001 - Pers 
Com. ) and Hopegood (2002) were equivocal. Although significant differences between 
laminitic and normal donkey hoof hom E were indicated in both comparison, full HWD Ec was 
significantly lower than the Latham's study but were significantly higher than Hopegood's 
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study (P< 0.05). Zonal comparisons were similarly varied in their findings. Comparisons with 
the data of Latham (2001 - Pers Com. ) revealed signIficant differences between E for ZI, with 
Ec for the laminitic hoof horn material, lower than the EF for normal hoof horn (P< 0.05). There 
were NSDs in ZI comparisons with the data of Hopegood (2002), although there was a trend 
towards a lower Ec for ZI laminitic donkey hoof horn (P = 0.06). Figure 5.6 illustrates the 
comparison in ZI E data between the respective laminitic groups with that previously reported 
for normal donkey hoof horn by Hopegood (2002). 
5.11 DISCUSSION 
This study is the first occasion since the work of Garnhaft (1925) that the material properties of 
laminitic equid hoof horn have been evaluated. The results of this study complement the former 
work of Hopegood (2002), who provided baseline data to characterise the material properties of 
normal donkey hoof horn. 
This study specifically aimed to investigate the effect of structure upon those material properties 
that were considered to be of likely biomechanical importance in determining hoof function. 
Hence this chapter focused upon defining the hoof horn's resistance to deformatioii (E), and 
also its ability to absorb energy (Resilience). Whilst E values have been widely reported for the 
equine hoof, there is little information regarding the resilience of hoof horn. This represents a 
notable gap in the current knowledge base, which is of particular functional significance. This is 
because energy absorption within the hoof is considered to be important in attenuating 
concussive forces associated with dynamic weightbearing (Dyhre-Poulsen el al. 1994). This 
attenuation process serves to protect the sensitive structures of the distal limb from concussive 
damage, and hence is vital in ensuring efficient locomotor function, 
in order to investigate the effect of structure upon these defining characteristics, material was 
controlled in respect of moisture levels. This is because water is known to be a modulator of 
material properties of donkey hoof hom (Collins el al. 1998, Hopegood 2002). 
All material was therefore tested at maximal hydration level. In this way the material was fully 
plasticised, and the resultant material properties assumed to be a function of the structural 
organisation of the material within the hoof wall. This is not the case at other levels of hydration 
that have typically been used to assess the material properties of hoof horn. This is because the 
hoof horn material is not in a state of full plasticisation at these hydration levels. 
Concurrent studies performed by this author demonstrated the complexity of the water-hoof 
interaction across the HWD, and the difference levels of plasticisation that occur at given levels 
of hydration. For example, predicted water partitioning at 'in vivo' hydration levels (see 
Appendix VID indicated sub-maximal bound water levels with ZI. Hence the material 
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properties of the hoof wall at this level of hydration are likely to be further modulated by 
moisture. 
Material properties were established by compression testing. This differed from the approach of 
Hopegood (2002), who conducted three-point bending tests to derive estimates of EF. The 
compressive testing technique offered several distinct advantages over other potential modes of 
testing. Most notably, this technique enabled relatively large sample sizes to be used. Hence 
confidence can be expressed in the fact that the resultant data reflected the effects of the 
structural organisation of the hoof horn material. In addition, this testing technique was not 
limited by the biological constraints of capsular shape, thus it was possible to test samples in a 
manner that likely mimicked 'in vivo' loading conditions. Both of these issues are of 
fundamental importance in the effective characterisation of biornaterials (Wainwright et al. 
1976, Vogel 1988, Vincent 1990). 
The force displacement plot of both full HWD and zonal samples revealed an initial region that 
displayed a Hookean relationship of linear elasticity. This was in agreement with testing 
observations made by Leach (1980) and Kasapi and Gosline (1997) for the horse, Reilly (2001) 
for the pony, and Collins et al. (1998) and Hopegood (200 1) for the donkey. 
Data obtained for successive tests of the same sample showed no significant difference in the 
derived E between tests. Whilst this is in agreement with results previously reported for normal 
equid hoof hom by Zoerb and Leach (1978), Leach (1980), Reilly (2001) and Hopegood (2002), 
this was in marked contrast to the findings of Garnhaft (1925) for laminitic equine hoof hom. 
This author was unable to achieve repeatability 'between tests' by cantilever testing methods, 
either for full HWD or partial HWD samples, nor indeed was he able to obtain 'within test' 
linearity in the force displacement data. In fact, Garnhaft (1925) was forced to abandon his 
evaluation of laminitic equine hoof horn because of this. 
The techniques developed within this project have successfully addressed the experimental 
difficulties of working with this pathologically altered material. In addition these techniques and 
the sampling methodology enabled concurrent full HWD and zonal material testing. 
Consequently this present study represents the first occasion in which the comprehensive 
characterisation of laminitic hoof horn has been effectively achieved. 
Direct comparisons with previously reported E data must be viewed with caution. This is 
because testing methodologies have not been standardised. Consequently different modes of 
testing have been employed, with samples tested in different orientations, at different levels of 
hydration, and at different strain rates. All of these factors are known to affect the resultant data. 
The initial assessment of machine compliance reinforced the need to ensure that all published 
data is corrected with respect to machine compliance of the testing equipment used. Whilst the 
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machine compliance in this study revealed an underestimation of Ec by 14%, corresponding 
values for single column testing machines can be as high as 48% (Collins - unpublished data). 
This important potential source of experimental error has largely been overlooked in previous 
studies. 
it is acknowledged that testing biomaterials, in either mode of testing raise questions concerning 
the validity of explicit assumptions inherent within compression, tensile and bending test 
theory. However the specific assumptions that have to be made in respect of flexural testing are 
most difficult to substantiate. Hence particular care must be taken when assessing flexural data. 
In addition, the flexural E represents an only approximation of the true E (BSEN 2746 1998). 
The analysis of the effect of strain rate upon Ec indicated that a two order of magnitude increase 
in strain rate resulted in a 29% increase in Ec. This is in broad agreement with the findings of 
Kasapi and Gosline (1997) for the horse. These authors recorded an 18% increase in ET over the 
corresponding range of strain rate. This indicates that a similar visco-elastic response occurs 
within the donkey hoof wall to that evident in the horse. In this way, the degree of capsular 
deformation is inversely proportional to the rate of loading. This response may serve to further 
protect the sensitive structures of the foot from excessive deformation associated with high 
velocity impacts during conditions of 'extreme' loading. This would further aid the maintenance 
of smooth and painless stress transfer across the laminar interface. 
This strain rate dependent response further reinforces the need to standardise testing conditions 
between studies. In addition, this must be appropriately standardised at a level that approximates 
to 'in vivo' loading conditions. 
In this regard, the strain rate selected for this present study fell within the physiological strain 
rate range for the horse cited by Kasapi and Gosline (1997). In order to simulate static 
weightbearing, the strain rates selected were lower than the range of surface strain rates reported 
for the dorsal aspect of the pony hoof capsule, during walk and trot, by Thomason el al, ( 1992) 
and Chang et al. (1993). Hence the resultant material property data presented in this chapter can 
be considered as representing, by first approximation, the true effects of structure upon laminitic 
donkey hoof horn. Hence this forms a reliable basis for the characterisation of the material 
properties of laminitic donkey hoof hom. 
The force displacement data for the full HWD and the three respective zones, normallsed in 
respect of specimen geometry to give the stress-strain relationship, provides a valuable insight 
into the response of laminitic donkey hoof horn to direct load. This gives an understanding of 
how the material accommodates and resists load. In addition defining material characteristics 
such as Ec, cy and ey can be established. These are essential if hom horn assessment is to be 
placed upon an objective 
basis. 
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The stress-strain relationships highlight zonal differences in Ec, cyy and ey, and their respective 
post-yield characteristics. Similarly the stress-strain relationship for the full HWD indicated that 
this zonal interaction results in a distinct loading response to ultimate failure. All samples are 
assumed to be fully plasticised, hence the responses reflect the effect of structural organisation 
of the hoof horn material within the respective zones and, in the case of full HWD samples, the 
combined interaction of these structurally distinct zones. 
The compressive stress-strain relationship to failure for full HWD laminitic donkey hoof hom 
was similar to that presented for the horse by Butler and Hintz (1977) and Landeau et al. (1983). 
Similarly, zonal stress-strain relationships recorded for the donkey were in broad agreement 
with that reported by Kasapi and Gosline (1997) for the horse. This suggests similar mechanistic 
responses to applied load and/or similar modes of failure. However the absolute values which 
define these mechanical responses, and characterise the nature of the material, tended to be 
lower for laminitic donkey hoof horn compared to corresponding values for the horse. Due to 
the paucity of information relating to the normal donkey, it is not possible to conclude whether 
these differences arise as a direct consequence of the laminitic condition or result from species 
differences. 
Bioyield occurred in full HWD donkey samples at stress levels ranging from 0.73-1.46MPa, at 
strain levels between 0.7 and 0.9%. This compares with typical values reported for the horse by 
Landeau et al. (1983) of -2-3MPa and -2-3 % strain. 
The zonal pattern in bioyield across the HWD was in broad agreement with that previously 
reported for the horse by Kasapi and Gosline (1997). 
This was characterised by a dorso-palmar decrease in yield strain and strength. Although the 
yield strains for ZI, 2 and 3 were similar to those for the horse at 7,6 and 5% respectively, the 
corresponding yield strengths were markedly lower in the donkey. 
This is the first study to have defined the energy absorption characteristics of donkey hoof horn. 
Resilience data reported in this chapter provides an estimate of the capacity of the laminitic 
donkey hoof horn to absorb elastic strain energy, with a mean full HWD resilience value of 
0.003 Mj/M3. 
Direct comparisons with experimentally derived data for full HWD equid hoof horn at maximal 
hydration are not possible. However weighted average data, derived by this author from zonal 
stress strain data reported for equine hoof horn at maximal hydration by Kasapi and Gosline 
(1997), suggests an equine resilience value for the full HWD that is approximately 23 times 
greater than the donkey. 
However it is important to note that this derived estimate was based upon zonal data reported by 
Kasapi and Gosline (1997). Hence this did not take into account 'between zone' interaction 
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within the full HWD. This interaction resulted in an order of magnitude decrease in cyy within 
this present study. A similar decrease in yield strength for the horse would result in similar 
resilience values between species. 
Consequently, difference in hoof size between the donkey and the horse may represent a 
significant 'between species' difference in the hoofs capacity to absorb elastic strain energy 
during weightbearing. This may reflect a scaling effect related to differences in bodyweight. 
Conversely this may suggest 'species specific' differences in hoof function, or indicate that 
different absorbing methods are present within the foot, involving other tissues. It is also 
important to note that differences in hoof shape are likely to affect the degree of defon-nation for 
a given load. This will also affect the degree of energy absorption within the hoof horn material. 
The mean full HWD axial to lateral Ec, ratio of 1.5: 1 confirmed that the directional component 
of tubular structure was associated with an increased resistance to compression, and indicated 
the presence of mechanical anisotropy within laminitic donkey hoof hom. 
This finding supports the results of Douglas el aL (1996) and Kasapi and Gosline (1997) who 
recorded axial reinforcement within the inner and outer regions of the equid hoof wall, at 'ill 
vivo' and maximal hydration condition respectively. However, Leach (1980) reported 
mechanical isotropy in the inner region of the hoof wall, and an axial to lateral E ratio of <I for 
the outer region, which suggested mechanical anisotropy with lateral reinforcement in this 
region. Bertram and Gosline (1986) also reported lateral reinforcement within the equine hoof 
wall. 
A satisfactory explanation for these contradictory findings can not be given. Future work 's 
therefore required to address this key structure-function issue. 
The absolute Ec values for full HWD laminitic donkey hoof horn were markedly lower than E 
data previously reported for the horse at maximal hydration (see Table 5.1). 
Comparison of data recorded in this present study, with those previously recorded for 'normal' 
donkey hoof hom were equivocal. Mean full HWD Ec recorded in this present study (I 85MPa) 
was significantly higher than the mean EF Of 135MPa reported by Hopegood (2002), but were 
significantly lower than the mean EF of 205MPa recorded by Latham (2001 - Pers Com. ). 
A satisfactory explanation for these contradictory findings can not be given. This may suggest 
that factors other than laminitis and moisture, such as age, bodyweight season, nutrition, degree 
of environmental and mechanical degradation, which were not controlled between these 
respective studies, also have a significant effect upon E. 
it is also appreciated that different modes of testing were employed between studies, on material 
obtained from different sites, and at different rates of strain, all of which are likely to make 
direct comparison more difficult. 
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The precise effects of these differences are likewise difficult to assess retrospectively. However 
differences in the strain rate alone, between these studies, can not account for differences in E. It 
is also important to note that material tested by Hopegood (2002) was not clinically diagnosed 
as normal. Hence the health status of this matenal can not be confirmed. 
The data obtained in this present study exhibited a relatively low cv at 0,14, this compared with 
value of 0.29 in the study of Hopegood (2002). This difference may reflect a true difference in 
ev of E between normal and laminitic donkey hoof horn. Conversely, this increased level of 
variation within the study of Hopegood (2002) may reflect the presence undiagnosed larninitic 
hoof horn matenal, the effects of variable mechanical and environmental degradation of the 
distal clipping material between samples, and/or inherent issues relating to the assumptions 
made in flexural testing. 
The dorso-palmar decrease in Ec across the HWD corresponds with previously recorded data 
for the horse (Kasapi and Gosline 1997) and donkey (Hopegood 2002). 
The absolute values recorded for the donkey in this present study were lower than the 
corresponding zonal values for the horse. These findings were consistent with those of Latham 
(2001 - Pers Com. ) and Hopegood (2002) for 'normal' donkey hoof horn, and suggests a 
'between species' difference in the material properties. The functional significance of this 
'between species' difference is unknown, however this finding is consistent with the assertion 
that the donkey is a unique equid. Consequently the critical evaluation of the material property 
data reported in this chapter has predominantly focused upon a 'within species' assessment. 
The mean Ec of 185MPa for full HWD laminitic donkey hoof horn at maximal hydration, was 
in broad agreement with the weighted average of -145MPa derived from the respective zonal 
E(, data, assuming a 'rule of mixtures' contribution to the full HWD Ec. In this respect, the 
volume fraction contribution of ZI, 2 and 3 were assumed to be 25,15 and 60% respectively, 
which is in line with the relative dorso-palmar contribution of the respective zones to the HAM. 
The underestimation of the actual full HWD Ec may indicate that the actual E is further 
modulated by zonal interaction, and that structural organisation of the hoof wall does not result 
in conditions of uniform strain (isostrain) assumed in the 'rule of mixture' estimate. 
Alternatively, this underestimation may reflect 'between individual' variation in the actual 
volume fraction contribution of the respective zones. 
Hopegood (2002) similarly provided an estimate of full HWD EF. This figure (188MPa) was 
based upon a zonal average of the respective EF data. This estimate resulted in an 
overestimation of actual EF. However the zonal EF data used for this estimate was not derived 
from material concurrent with that used to establish the full HWD EF- 
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The statistically significant differences recorded in Ec between the respective structurally 
distinct zones, suggests that the structural organisation of the hoof horn material is a primary 
determinant of the material properties of laminitic donkey hoof horn. The final chapter of this 
thesis will explore further the potential structure-function relationship indicated by these results. 
In this present study, significant differences were recorded in Ec between all zones, whereas 
Hopegood (2002) reported significant differences only between ZI and Z3. 
This may indicate a specific laminitic effect in which the ZI E is decreased as a consequence of 
the condition. This assertion is further supported by the significantly lower ZIE value recorded 
in this present study compared to data provided by Latham (2001 - Pers Com. ) and the trend 
towards a lower ZI E (P=0.06) in comparison with the data of Hopegood (2002). These findings 
suggest the possibility of a zone-specific structural response to the laminitic condition, with 
changes to the structural organisation of the hoof hom material occurring within ZI. 
The zonal difference further questions the robustness of the 'normal' donkey data provided by 
Hopegood (2002). This is because it is difficult to reconcile the situation in which there are 
NSDs between zonal normal and laminitic hoof horn yet normal full HWD E is significantly 
lower than that of laminitic donkey hoof horn. Two issues are worthy of further comment. 
Firstly the material used to arrive at full HWD and zonal data was not concurrent. Seasonal 
effects have been previously reported for equine hoof horn both in respect of structure (Patan 
2001) and material properties (Zenker 1991, Ley et al. 1998, Patan 2001). This may in part 
account for the discrepancy between the estimated full HWD EF value and the actual HWD 
value reported by Hopegood (2002). 
In addition, the cv evident within ZI data reported by Hopegood (2002) was extremely high at 
>0.7 in comparison with that obtained in this study. This may indicate the presence of variable 
zonal degradation of the material tested by Hopegood (2002). In this respect, it is possible that 
mechanical and environmental degradation is focused within this region of the hoof wall. 
indeed Hopegood (2002) commented upon the fact that degradation was particularly evident 
within the dorsal 10% of the HWD. This may arise simply as a consequence that this region is 
on the outside of the hoof capsule. Alternatively, the zonal variation in E may serve to focus 
stress within this region, as part as a optimised and controlled mechanism that protects 
structures deep to the dorsal aspect of the hoof. 
Conversely ZI cv levels may reflect the presence of undiagnosed laminitic hoof hom. Hence it 
is considered that the data of Latham 2001 - Pers Com. ) represents a more appropriate E 
baseline for the normal donkey hoof horn. Consequently these values have been adopted within 
Chapter 8 of this thesis. 
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It is important to note that, in addition to the issues raised regarding the potential effects of 
'between study' differences in the testing protocols, the ZI and Z2 data of Latham (2001 - Pers 
Com. ) and Hopegood (2002) were based upon samples taken from within the two zones. This is 
in contrast to this present study, where the entire dorso-palmar extent of each of the two 
respective zones was tested. 
The analysis of the material properties by laminitic group revealed that this 'response' belied a 
more complex and variable association, in which Ec was related to the nature of the 
degenerative anatomical change evident within the foot. 
These differences were marked by the fact that mean full HWD Ec values for Group I were 
significantly lower than Group 2. Although both laminitic groups exhibited a dorso-palmar 
zonal decrease in Ec across the HWD, there were differences in absolute values for ZI and Z2 
between groups. Group I values were significantly lower than those recorded for Group 2. This 
suggests that degenerative anatomical change, associated with the laminitic condition, may lead 
to a region-specific response within the donkey hoof wall, which affects the outer region (ZI 
and Z2). The specific changes in Ec result in a distinct pattern of zonal material characteristics 
across the HWD in the two respective groups. 
The evaluation of the Ec data suggests a possible scenario in which anatomical changes 
occurring within Group I are associated with a marked decrease in Z1 Ec, leading to a 
corresponding marked reduction in full HWD Ec. 
Anatomical changes within Group 2 also lead to a reduction ZI Ec, however the magnitude of 
this decrease is less than that evident in Groupl. In addition, a corresponding increase in Z2 Ec 
occurs. The net effect of these opposing 'responses', is a modest decrease in full HWD Ec. 
The functional significances of either the regional change in Ec, or the different zonal pattern of 
Ec. across the HWD are not known. These 'responses' are however likely to affect force 
distribution within the hoof wall. Changes in force distribution may be important in terms of 
hoof wall function. These issues will also be examined further in Chapter 6. 
Between group differences also suggest that the Ec of laminitic donkey hoof horn is related to 
the specific nature of the anatomical change that occurs within the afflicted foot. Radiographic 
analysis given in Chapter 3 highlighted that Group I was characterised predominantly by 
capsular rotation, whereas Group 2 was marked by phalangeal rotation. 
This would suggest that capsular rotation affects hoof horn formation, within that region of the 
coronary corium that supports Z1, to a greater extent than is the case in phalangeal rotation. This 
may have a direct bearing upon biomechnical compromise within the laminitic foot. 
The increase in Z2 Ec is not readily explained. However it is expected that axial Compression is 
increased as a consequence of phalangeal rotation. In this regard, the increase in Ec may reflect 
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a positive feedback to counter axial compression, in a similar manner to that evident within 
stressed bone. 
Further work is required to confirm these potential lammitic effects. This must be conducted 
under standardised experimental conditions, with appropriate experimental controls including 
clinically diagnosed non-nal donkey hoof horn material. 
If lammitis does indeed result in measurable differences in E, then careful hoof wall sampling of 
the outer aspect of the hoof wall may provide an additional method both for laminitic screening, 
and the assessment of material property response to therapeutic intervention, 
Hopegood (2002) stated that the 'best' method to normalise zonal donkey hoof horn material for 
the effects of water, prior to material testing, was to equilibrate samples to 38gH20/lOOgDM. 
However D EF values recorded by Hopegood (2002), at this level of hydration, were 
significantly higher than those recorded at maximal hydration. This would indicate that material 
testing was performed on zonal samples that were not fully plasticised. This suggests that the 
bound water capacity for this zone exceeded 38gH20/lOOgDM. 
Although Hopegood (2002) found that there was NSD between EF at 38gH2011OOgDm and 
maximal hydration, for either ZI, or Z2, there was a tendency for Z2 EF values to be higher at 
3 8gH20/1 OOgDM. 
Hopegood (2002) that equilibrating samples to 38gH20/lOOgDM normalises the material in 
respect of the effects of moisture. The actual zonal bound water capacities for normal donkey 
hoof horn are unknown. However predicted data for laminitic donkey hoof hom, established 
from concurrent hydration studies performed during this project (see Appendix VII), did not 
support the assertion of Hopegood (2002). These predicted results suggest that at a hydration 
level of 38gH20/lOOgDM, ZI, 2 and 3 are on average at 7.7,6.3 and -O. IgH20/lOOgDM of their 
respective bound water capacity. Thus D will be at a critical hydration point with regard to 
plasticisation. 'Between sample' variation in bound water capacity, combined with ambient 
dehydration of the sample during testing are likely to have a pronounced affect upon El, values 
at this particular level of hydration. 
These factors may in part account for the differences in zonal EF values between 
38gH20/lOOgDM and maximal hydration reported by Hopegood (2002), with D material at a 
sub-maximal bound water level when equilibrated at a hydration level of 38gH20/lOOgDM. 
Similarly, the tendency for Z2 EF to be higher at 38gH20/lOOgDM than at maximal hydration 
suggests the possibility that Z2 material was also at a sub-maximal bound water level when 
tested at 38gH20/lOOgDM hydration. 
In fact pathological conditions of the Stratum corneum are associated with a decreased bound 
water capacity (Takenouchi et aL 1986). Hence the zonal bound water capacities given in this 
231 
thesis may represent an underestimation of their corresponding values within normal donkey 
hoof horn. Hence it is the recommendation of this thesis that in order to control for the effects of 
water, future material testing should be standardised and performed at maximal hydration levels. 
This is because it is only at this hydration level that hoof hom material is fully plasticised. 
Hopegood (2002) conducted zonal material testing to establish 'in vivo' EF for the respective 
zones of 'normal' donkey hoof wall. The resultant zonal average reported by this author was 3.5 
times greater than the actual full HWD EF data recorded at this level of hydration. Hopegood 
(2002) suggested that this difference might indicate that the testing of full HWD samples masks 
the finer zonal detail. However it is unlikely that zonal interactions alone could account for such 
a level of difference. It is more likely that the issue of specimen dehydration during the 
preparation and testing of zonal samples, which Hopegood (2002) referred to, was a major 
contributing factor to this difference. 
This study has endeavoured to investigate the effect of structure on the material properties of 
laminitic hoof horn by the appropriate control of moisture within the material. It is appreciated 
that by controlling the material in this respect, moisture levels were outside of the normal 
physiological range. This would potentially lead to an alteration in material properties. However 
the water-partitioning data indicated that this effect is likely to be restricted to ZI only. In 
addition, the 'in vivo' gross moisture level data for this zone further suggests that the material is 
approaching a fully plasticised state, and can thus be considered to be at a moisture level above 
its 'critical point of plasticity'. Hence the likely effects of controlling for moisture, in the 
manner adopted here, are likely to induce a modest change in material properties within this 
zone. 
It can therefore be argued that the material property data represent a reasonable first 
approximation of 'in vivo' material properties. Hence this data can be used to model potential 
structure-function relationships within the hoof wall, and aid the further investigation of the 
effects of the laminitic condition. In addition, the results generated within these models can be 
assumed to be of 'in vivo' functional relevance. These issues are developed further in the 
following chapter. 
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6. COMPUTER MODELLING OF THE DONKEY HOOF WALL 
6.1 OVERVIEW 
The previous chapters of this thesis have dealt specifically with a detailed characterisation ofthe 
structural and material properties of donkey hoof hom associated with the laminitic condition. 
However management concerns regarding the afflicted animal are directed towards the impact 
upon the biomechanical functionality of the hoof and the foot. 
There exists an important distinction between properties and functions (Marks 198 1 ). Properties 
represent measured physical characteristics, whilst functions reflect the application and response 
of that material to a specific set of conditions. Clearly an intimate relationship exists between 
properties and functions. Indeed functions are largely dependent upon material and structural 
properties and modulated by the effects of geometric form. 
Despite these facts, Hoof research has, historically, focused primarily upon defining properties. 
Hence the precise effect of properties upon hoof function is poorly understood at either the 
gross, macro- or micromechanical level. Reilly (1995) recognised this fact, and stated that there 
was an urgent need to develop our understanding of the structure-function relationships ofthe 
hoof. 
However achieving this end poses a particular intellectual challenge (Newlyn ef al, 1998). This 
is because difficulties exist in establishing a credible means by whicil 'functions' call be 
accurately recorded, measured and assessed (Newlyn el al. 1998,1999, Davies 2002), and the 
functional effects of changes in 'properties' evaluated (Newlyn el al. 1998). Hence progress to 
date in this important field of research has been limited (Davies 2002). There is clearly a need to 
further explore the application of specific techniques that can investigate the effect of' material 
and structural 'properties' upon biomechanical function (Newlyn el al. 1999). Indeed it is only 
through such an approach that progress can be achieved (Davies 2002) 
One such technique that may be of potential value is that of Finite Element analysis (FFA). The 
Finite element (FE) technique provides a sophisticated method of simulating or modelling the 
theoretical response of an object to applied load, based upon information specifically relating to 
the material and structural properties of the object. Thus it has the potential to further elucidate 
hoof function, and also provide a basis by which structure function relationships within the hoof 
can be investigated. 
This chapter details work associated with the application of the FE technique to the theoretical 
modelling of the donkey hoof wall at the gross anatomical, macro and microscopic levels ofthe 
design hierarchy. In addition, the chapter has sought to elucidate the structure function 
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relationships within the hoof wall, and also assess the potential effects of the larninitic 
condition, using material and structural 'properties' data established within the previous 
chapters of this thesis. 
6.2 THE FINITE ELEMENT (FE) TECHNIQUE 
FEA is a computer based modelling technique that is used widely in the engineering industry to 
determine how a body reacts theoretically to applied forces in both static and dynamic 
situations. The FE technique has been widely used by to model the theoretical relationship 
between properties and mechanical function. 
This technique offers the ability to model function not only at the gross anatomical level but 
also at the macroscopic and microscopic level. Indeed this technique provides a means by which 
the various structure function relationships that operate within the design hierarchy of the hoof 
wall can be assessed. In this way, key issues of hoof function can be investigated further. For 
example, the issue as to whether the structural organisation of Tu and IT horn does act as a fibre 
composite can be addressed. 
6.3 THE FE METHOD 
The FE method is a mathematical technique that determines the displacements, strains and force 
intensities that occurs within a body object in response to specific loading and restraint 
conditions. 
When an object is loaded it responds in a manner such that internal forces are generated to 
counter the applied forces, thereby re- establishing the equilibrium state within the body. 
According to the theory of elasticity, this equilibrium state may be represented by an infinite 
number of partial differential equations. in general, it is not possible to solve these equations 
except in the simplest of geometric forms. 
The FE method replaces this infinite series of differential equations with a finite number of 
simpler algebraic equations at specific locations within the body object. In this way, 
approximate solutions can be obtained to complex problems. 
This approach can be summarised thus: - 
Structure divided into a finite number of discrete sub-regions or Finite Elements 
Method develops mathematical equations that relate the displacements created to the forces 
applied specifically to these Finite Elements in the manner that: 
where: 
ýF) = [K] fuý 
IF) = vector of nodal force 
[K] = element stiffness 
IuI= vector of nodal displacement 
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Nodal intersections between adjoining elements allow equations to be assembled to throughout 
the entire structure in response to the loading conditions 
Derived displacements are used to calculate stress and strain levels 
Given specific boundary conditions in the form of nodal forces and/or displacements the 
resultant set of equations can be resolved in respect of all nodal positions. Hence the theoretical 
response of the entire object can be modelled, and the associated stress levels and strain 
distribution within the object predicted. 
The theoretical stress and strain values can be displayed In various forms. The magnitude ofthe 
Maximum Principal stress can be plotted as can the Minimum Principal stress, or, a 
combination of these related to various failure theories. 
Two stress states may be of interest, these are: - 
The Maximum shear stress (Tresca) 
2. The Von Mises Stress (Shear strain energy theory) 
The von mises stress value is a theoretically derived stress value. It represents the equivalent 
uniaxial stress that would have to be applied in order to generate a strain energy level equivalent 
to the total strain energy recorded in each of the three orthogonal x, y, and z-axes 
Both of these stress states are usually related, in engineering applications, to failure in ductile 
materials. Such a mode of failure may be appropriate to hoof wall modelling, due to the 
potential plasticising effect of the material's inherent moisture content described by Cope ef al. 
(1998). 
6.4 THE FEA PROCESS 
The finite element analysis of an object involves a three-stage process. This is: - 
1. Model creation 
2. Solution 
3. Result validation and interpretation 
6.4.1 MODEL CREATION 
In order to generate a computer-based model of the object the key defining characteristics need 
to be established both in respect of the geometric shape or form of the object, and its 'material 
properties'. 
The form of an object can be defined as: - 
11 The spatial disposition of the respective elements that constitute the body object". 
235 
At the gross anatomical level of the design hierarchy of the hoof, form is concerned with the 
geometry of the capsule, and the spatial disposition of the respective hoof hom component 
within the hoof capsule. 
Conversely at the microscopic level, the form of the hoof wall relates to the size and shape of 
the respective horn tubules and their distribution within the IT hom component. In this regard, it 
is the structural organisation of the hoof horn material that is of interest. 
With this information the actual process of model creation within the computer can commence. 
This process involves a three-stage approach: - 
1. Generation of finite elements 
2. Definition of the material properties of the model 
3. Creation of the loading and interfacial conditions, and the denotation of boundary 
constraints 
Newlyn et al. (1998) provides a detailed account of process of computer-based model 
generation (see Appendix VII). 
6.4.1.1 CONSTRUCTING THE FE MODEL -GENERATION OF FINITE ELEMENTS AND 
NODAL INTERSECTS 
This process can be summarised thus: - 
I. A series of control points are defined in space 
2. Mathematical curves or 'splines' are constructed that unite these control points to 
delimit the boundaries of the object and thereby define its surfaces 
3. The resultant object is sub-divided or meshed into discrete finite elements 
4. In the case of a three-dimensional model, the volume contained within this surface mesh 
is itself divided into discrete elements 
5. The resultant finite element mesh is validated to ensure continuity of nodal intersections 
throughout the entire system 
It is important to note that the precision of the resultant analysis is determined both by the type 
and number of the finite elements, and by the number of nodes between finite elements. These 
ultimately determine the total number of equations that have to be solved. 
6.4.1.2 DEFINING THE MATERIAL CONSTRAINTS OF THE MODEL 
With this in place, the material properties of the model are stipulated with respect to the finite 
elements. This process is dependent upon the nature of the analysis to be conducted. 
In the case of an isotropic material model, the material properties can be defined by two 
material properties, namely the E and the poisson ratio (v), the ratio of transverse to axial strain. 
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More complex material models require these constraints to be defined in directional terms, and 
also require the shear modulus of the material to be specified. 
6.4.1.3 LOADING AND INTERFACIAL CONDITIONS, AND BOUNDARY CONSTRAINTS 
LOADING CONDITIONS 
Loading conditions are specified both in respect of the point/s of application and the magnitude 
and direction of the applied loads. 
INTERFACIAL CONDITIONS 
Interfacial conditions, between components of differing material properties, can greatly 
affect the modelled response, especially with regard to stress and strain concentration at 
locations of abrupt transition. Where appropriate, the specification of progressive transition 
in material properties across these interfaces can minimise these effects. 
BOUNDARY CONSTRAINTS 
Boundary constraints are required to prevent free or rigid body movement in response to the 
applied loads. Particular attention must be given to ensure that the object is not constrained in an 
inappropriate manner to the functionality of the object. 
6.4.1.4 MODEL SOLUTION 
With the model created and the loading conditions and boundary constraint specified the 
analysis can be performed. The solution time for the FEA is dependent both upon the computer 
processing speed and the total number of equations which have to be solved. The analysis is 
validated by a number of back-checks to ensure that the model has been correctly 'defined'. The 
analysis is completed when the nodal displacement and desired derived quantities of stress and 
strain levels have been calculated. 
6.4.1.5 RESULT VALIDATION AND INTERPRETATION 
V,., ALIDATION 
Validation of results represents a crucial stage in the analysis process. Validation involves two 
distinct issues (Huiskes and Choa 1983). These are: - 
1. Model validation 
Model accuracy 
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MODEL VALIDATION 
This relates to the degree to which the model represents the real object. This is influenced by the 
assumptions and approximations made during the modelling process, with specific regard to: - 
" Geometric form 
" Material 'properties' 
" Loading and interfacial conditions and boundary constraints 
" Errors in respect of the above will result in the production of a deficient model. 
MODEL ACCURACY 
The assessment of model accuracy can be determined by both intrinsic and extrinsic means. 
I. Intrinsic Accuracy Determination 
Many FE programs employ convergence tests to further refine the accuracy of the analysis. 
These convergence tests seek to enhance the accuracy of the solution by increasing, in a step by 
step manner, the number of elements and nodes in critical areas of the model. This process is 
continued until a point is reached where the value of a given variable, for example, principal 
strain does not alter significantly from one refinement to the next. At this point in the refinement 
process the model is described as having reached convergence. The validation process should 
also include, wherever possible, direct comparisons with existing experimental data. 
2. Extri sic Accuracv evaluation 
The validation of the accuracy of the modelled response must also take into account extrinsic 
sources of information including: - 
" Empirical observations of 'in vivo' and 'in vitro' function 
" Information from other analytical techniques for example: 
- Surface strain and photoelastic shear stress data 
- Data from load-sensing implants 
" Traditional macro- and micromechanical analysis techniques, theory of elasticity and 
composite material theory 
" Observations regarding the morphological and structural organisation present within the 
modelled object 
6.5 THE APPLICATION OF THE FE TECHNIQUE TO THE EOU D HOOF 
This mathematically based modelling technique has been used to investigate internal 
deformations and stress distribution in several biological structures. These have variable 
included: bone (Hogan 1992, Dalstra, et al. 1995), ligament (Hirokawa and Tsuruno 2000, Weiss 
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and Gardiner 2001), tendon (Zhang and Roberts 2000), cartilage (Beek et al. 2000), skin 
(Bischoff et al. 2000), and tooth (Zhoa el al. 1989). In addition, FE analyses have been 
performed both for the fingertip (Wu et al. 2003), and the tiger claw (Mattheck and Reuss 
1991), however the application of this technique to the hoof has been limited. 
The pioneering work reported by Wichtmann et al. (1990) and Hogan et al. 1991, Hood and 
Wichtmann (1991) represented the initial application of the FE technique to the equid foot. 
These authors used this technique to evaluate the theoretical force distribution within the 
various structures of the foot in response to static loading. This assessment was based upon a 2- 
dimensional model of the sagittal plane of the equine foot, loaded via the middle phalanx. 
However this study was limited considerably by the computer technology of the time. Hence the 
number of nodes within the model was relatively low in comparison with today's standards. In 
fact this model of the entire foot consisted of only 457 elements and 964 nodes. This compares 
for example, with the - 18000 elements, and 11608 nodes in the model of the donkey hoof wal I 
reported by Newlyn et al. (1998). Therefore the work of Wichtmann et al. (1990) and Hogan C/ 
al. 1991, Hood and Wichtmann (1991) did not afford the modelling detail that is presently 
achievable. 
With the rapid growth of computer processing capacity the application of this technique to the 
equid hoof has gained momentum. Indeed the work of the hoof research group at De Montfort 
University (Newlyn et al. 1998,1999,2004 - Submitted) has been in the vanguard of' this 
movement. 
Most notable amongst the work of other research groups, has been that of Hinterhofer (1996), 
Hinterhofer et al. (1997,2000,2001), McClinchey (2000), McGlinchey et al. (2001 - 
Submitted) and Thomason et al. (2002). However these studies have tended to focus upon the 
effect of famery and remedial therapy on the hoof, as opposed to investigating the structure- 
function relationships within the hoof and/or the effect of pathology upon hoof function. Only 
the most recent work of Thomason et al. (2002) has evaluated the effect of geometric form upon 
hoof function. 
it is also important to note that all these studies have been based upon the hoof capsule of the 
horse. The geometric form of the donkey differs markedly from that of the horse (Doguer 1943, 
Hifny and Misk 1983). This is of particular significance, as it is accepted that variations in 
geometric form directly affect functional response to loading (Collins et al. 2002). 
The preliminary work associated with this thesis represents the only work specifically relating 
to donkey and the structure function relationships evident within the equid species. In addition, 
these studies have specifically sought to investigate the nature of the structure function 
relationships evident with the primary load-bearing component, namely the hoof wall. This 
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investigation has been conducted both at the gross anatomical level (Newlyn et al. 1998), and 
the macro- and micromechanical level (Newlyn et al. 1999). 
6.6 DONKEY HOOF WALL MODEL DEVELOPMENT 
The successful development of these models has been reliant upon the detailed characterisation 
of the material properties, structural organisation and geometric form of the donkey hoof wall at 
various levels within its design hierarchy. 
The model has been optimised and refined with data established in Chapters 3,4 and 5 of this 
thesis, and also by reference to baseline data reported by Hopegood (2002). Use of this data has 
facilitated the definition of structural and material characteristics both at the macroscopic and 
microscopic level. 
Although this thesis is not concerned with the effects of shape associated with the laminitic 
condition, capsular geometry remains an important determinant of function - see Section 1.9.2. 
Hence an effective means of shape determination represents an essential prerequisite if the 
functional consequences of the materials characterisation reported within this thesis can be 
modelled with confidence. 
Therefore the characterisation of the geometric form of the hoof wall at the gross anatomical 
level warrants further comment and discussion. 
6.6.1 CHARACTERISING THE GROSS ANATOMICAL FORM OF THE 
DONKEY HOOF WALL 
As object function is deten-nmed partly by the geometric form of the body, then it is essential to 
be able to objectively define the geometry of the object with accuracy. 
However, the equid hoof capsule displays a highly complex three-dimensional geometric form. 
Hence establishing an effective means by which the key defining aspects of this complex 
structure can be measured represents yet another demanding challenge. 
The shape of hoof capsule has been variably described by first approximation as representing an 
inclined and obliquely truncated, conical (Leach 1980,1990b, Hood and Jacobson 1997), or 
cylindrical form (Clark 1817,1820). 
If this assertion is correct and the geometry of the capsule can indeed be approximated to this 
frustrum or cylinder form, then it is possible, by first principals, to characterise the geometry of 
the capsule with a relatively small number of critical measurements or 'descriptors'. 
Indeed the geometry of the hoof wall can be divided intuitively into a number of defining 
elements that can be measured independently. These elements, when combined together, 
collectively summarise the underlying nature of the geometric form of the hoof wall. This 
240 
approach formed the basis for the development of the donkey hoof wall model previously 
reported by Newlyn et al. (1998). 
In summary a four-stage process of shape description was hypothesised to characterise the 
geometry of the donkey hoof wall. That is: - 
1. Establishment of the basal template of the object 
2. Detennination of the degee of object inclination 
3. Evaluation of the degree of object truncation 
4. Discrimination between conical or cylindrical object geometry 
6.6.2 SHAPE DESCRIPTION THEORY 
The basal template of the object was defined as the profile of the solear aspect ofthe hoof wall. 
This basal template represents a transverse profile of the object geometry parallel to the ground 
surface. The spatial disposition of this basal template can be accurately defined in relation to the 
plane of the MDC. From this baseline it is possible to describe all other aspects of object 
geometry as follows. 
Firstly, the dorsal hoof wall angle, the respective heel angles, and the angle of the tubular axis 
(recorded at a specified number of measurement sites) in the sagittal plane collectively would 
define object inclination. 
The respective lengths, from the BB to the CB measured along the tubular axis, at each of the 
measurement sites would describe the degree of object truncation. Finally the angles, in the 
medio-lateral plane, of the media] and lateral hoof wall, recorded at the widest point of the hoot' 
wall would discriminate between conical and cylindrical object geometry. 
in this way the key defining aspects of hoof geometry could be established through the 
measurement of specific parameters. These descriptors established in the manner described 
above could form the necessary control points for FE model creation. Once this has been 
successfully achieved, and a reliable representation of the geometric form of the donkey hoof 
wall established, this could be standardised throughout the subsequent modelling analyses. Thus 
the specific functional effects of the structural organisation and material properties oflaminitic 
donkey hoof hom. could be investigated. 
6.7 AIMS 
The aims of this chapter were to: - 
Establish a shape measurement protocol to characterise the key defining aspects of' 
donkey hoof wall geometry 
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0 Construct a FE model of the donkey hoof wall both at the gross anatomical and 
microscopic level 
0 Assess the ability of the shape determination and model creation protocols to effective 
replicate hoof wall geometry 
0 Model the macro- and micromechanical function of the hoof wall. Specifically to 
investigate displacements and stress and strain distribution in response to static loading 
0 Explore the 'through depth' stress and strain distribution at the MDC 
Determine the effects of dorso-palmar variation in Ec on stress and strain distribution at 
the MDC 
Examine the assertion that the hoof wall acts as a unidirectional fibre composite 
Investigate the effects of laminitis upon the macromechanical functioning of the hoof 
wall at the MDC. Specifically to evaluate both the nature and magnitude of surface and 
'through depth' stress and strain distribution 
6.8 MATERIALS AND METHOD 
6.8.1 SHAPE DETERMINATION OF THE DONKEY HOOF WALL 
The initial hoof wall model was based upon measurements of a hoof capsule obtained from the 
left forefoot of a donkey, which had no apparent signs of disorders related to the feet. The 
animal had been humanely destroyed on medical grounds. Immediately after destruction, the 
foot was disarticulated and sealed in Parafilml to prevent shrinkage of the capsule resulting 
from moisture loss. The foot was stored at 40c until autolytic degradation of the 
dermal/epidermal junction allowed removal of the intact hoof capsule. Measurements were 
taken immediately after capsular removal to minimise the effect of moisture loss. 
The plane of the MDC was established in accordance with Section 2.3.3. The position of this 
plane was marked both on the dorsal and solear aspect of the capsule. The hoof capsule was 
positioned on graph paper so that the plane of the MDC was aligned with a central axis 
previously established on the graph paper. This axis is referred to as the z-direction. The outer 
aspect of the BB was accurately traced from the MDC to the most palmar aspect of 
weightbearing surface on both the lateral and medial aspects of the hoof wall. The hoof capsule 
was removed from the graph paper and a series of linear measurements were determined as 
follows. 
An initial control line was drawn to connect the palmar weight-bearing aspect of the medial and 
lateral wall. The linear distance along the central axis from the dorsal aspect of the hoof wall 
(0% Capsular Depth) to the intercept with the palmar weightbearing control line (100% 
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Capsular Depth) was measured. This linear distance defined the capsular depth. A series of' 
reference measurements were then made, orthogonal to the central axis (x-direction), at 
specified locations along the axis, defined in tenns of percentage Capsular Depth (%CD). The 
linear distance was recorded from the central axis to the outer aspect of the hoof wall at each of 
eight additional reference sites, both medially and laterally. 
The reference sites were 0,2.5,7.5,20,35,50,62.5,75,87.5 and 100%CD on both the media] 
and lateral aspect of the hoof wall. Reference sites were intentionally weighted, medially and 
laterally between 0-20%CD. This is because the solear aspect of the donkey hoof exhibits 
maximum curvature in this region, and therefore displays the greatest rate of change in inedio- 
lateral width. In this way, it was anticipated that the selected reference sites were optimised to 
capture shape information. 
The hoof capsule was repositioned on the graph paper and the intercepts of these reference sites 
marked on the dorsal aspect of the hoof wall at the level of the BB. Subsequently, the through- 
depth thickness of the hoof wall was established in the y-z plane at each reference site around 
the BB, with the aid of callipers. In the case of the MDC site (O%CD) the through-depth 
thickness was determined in the z-direction (i. e. along the plane of the MDQ, whilst the 
through-depth thickness at all other sites were recorded orthogonal to the plane of the MDC (i. e. 
in the y-direction). In the manner described above, the basal template of the hoof wall geometry 
was defined, and the outer and inner boundaries of the hoof wall delimited. 
Control lines were then engraved on the dorsal aspect of the hoof wall along the line of the 
tubular axis from BB to the CB at each reference sites. Calibrated photornicrographs were 
obtained of the dorsal medial and lateral aspects of the hoof wall, using a standardised technique 
of focal length, object camera distance and object centring. 
From the resultant photomicrographs the inclination of the capsule was defined by measuring 
the DHWA (i. e. the angle subtended between the dorsal aspect of the hoof wall and the 1313, and 
the respective medial and lateral heel angles (i. e. the angle subtended between the hell and the 
BB). The degree of object truncation was established from the medial and lateral photographs 
by measuring both the angle, and the magnification corrected length from the BB to the CB, of 
each of the control lines. Finally to discriminate between cylindrical and conical hoof' wall 
geometry, the angles subtended between the medial, and lateral, aspect of the hoof wall and the 
BB, were established in the x-y plane using the dorsal photograph. 
These baseline data were mapped into a computer assisted drawing package, to form two series 
of control points that 
described the BB and the CB of the hoof wall respectively. From these 
control points the gross anatomical FE model of the donkey hoof wall was constructed, in 
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accordance with the methodology detailed by Newlyn et al. (1998). The key steps in the model 
generation are surnmarised below 
6.8.2 DEVELOPMENT OF A GROSS ANATOMICAL MODEL OF THE 
DONKEY HOOF WALL 
The finite element model of donkey hoof wall was constructed from the control points 
established in the shape measurement protocol, using a finite element software prograM4. With 
the aid of a surface modeller, the bounding curves and splines were established and the 
bounding surfaces created. The model was produced with a 2mm mesh to arrive at a completed 
three-dimensional model, consisting of -18000 elements, and 11608 nodes. The selection of 
mesh size represents a balance between modelling detail and computer processing time. A 2mm, 
mesh gives respectable modelling detail at an acceptable generation time. 
A linear elastic analysis was conducted assuming isotropic material properties in response to a 
simulated static loading. The hoof wall was initially modelled assuming isotropic material 
properties, with an E of 50OMPa (Wichtmann et al. 1990), and a Poisson's ratio of 0.4 (Chang 
et al. 1993). 
A vertical static load of 375 N was used for the model. This represents a static loading force 
equivalent to a 150kg bodyweight animal, distributed equally between the four hooves. 150 kg 
is a typical bodyweight for a donkey (Chang et al. 1993). This force was applied uniformly 
around the wall in a manner designed to simulate the suspension of the DP within the hoof 
capsule (Pellmann 1995), via 400 lamellae (Hifny and Misk 1983). The bearing border of the 
hoof wall was restrained vertically to simulate 'in vivo' ground contact conditions. In addition 
the BB at the MDC was fully restrained preventing displacement at this anatomical site in any 
direction. These boundary conditions were consistent with the observations of Lungwitz (1883, 
1891) and video footage published by Pollitt (1993) for the horse. 
A general arrangement, light shaded view, of the 2mm mesh models is shown in Figure 6.2A, 
with arrows indicating the loading surfaces and red circles indicating the boundary restraints. 
Displacement, stress concentration, principal strain, and force distribution across the hoof wall 
were evaluated. This analysis required the solution to 34,261 equations. 
6.8.3 VALIDATION OF THE GROSS ANATOMICAL MODEL 
In order to assess the effectiveness of the shape determination theory to capture the key defining 
aspects of the geometry of the hoof wall a 'reverse engineering approach was adopted. The 
Algor Inc., Pittsburgh Pennnsylvannia, USA. 
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computer file generated in the model creation process was used to reverse engineer the build of' 
a replica of the hoof wall by rapid manufacture. 
The replica build was constructed to scale via a Stratasys FDM machine. The effectiveness of 
shape determination was based upon direct visual comparison with the actual hoof capsule used 
to construct the model. 
6.8.4 ASSESSING THE EFFECT OF DORSO-PALMAR VARIATION IN 
MODULUS OF ELASTICITY 
The effect of the dorso-palmar variation in modulus across the hoof wall depth was investigated 
at the MDC. Two separate analyses were performed on the hoof wall model. The first analysis 
assumed a constant value of E across the entire HWD at 250MPa, whilst the second analysis 
was performed with a variable modulus. An arbitrary dorso-palmar variation in modulus was 
used to reflect the dorso-palmar decrease in rigidity previously reported in the horse (Leach 
1980, Douglas el al. 1996, Kasapi and Gosline 1996, HInterhofer et al. 1998) and the donkey 
(Hopegood 2002, Collins el al. 2002). The hoof wall was divided into 4 arbitrary layers or 
laminates of equal percentage HWD. The weighted-average of the moduli of the 4 respective 
laminates equalled that of the bulk modulus of 250MPa used in the previous analysis. 
The dorso-palmar variation in E was: - 
* 0-25% HWD -E of 40OMPa 
* 25-50% HWD -E of 30OMPa 
* 50-75% HWD -E of 20OMPa 
* 75-100%HWD-EoflOOMPa 
Von Mises, and maximum and minimum principal stress values were calculated respectively at 
0,25,50,75 and 100% HWD at 50% HWH at the MDC, in both modelled scenarios. 
6.8.5 DEVELOPMENT OF FE MODEL AT THE MICROSCOPIC LEVEL 
The morphometric analysis conducted in this thesis provided the data to construct FE models of, 
the structural and geometric arrangement of the hoof wall at the microscopic level for ZI and 3 
of the SM of the donkey hoof wall. ZI and 3 were selected because they represent extremes in 
structure evident within the SM. The structural organisation of the respective zones differs 
markedly in terms of tubule size, shape, TuAF (see Chapter 4) and TD (Hopegood 2002). 
In developing these models, the microstructure of the hoof wall was considered as aI 
component (phase) hollow fibre reinforced composite. Each phase was treated as an isotropic 
linearly elastic component, with perfect bonding assumed at the interface between the hom 
tubules and the IT horn. 
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The geometric structure was simplified by assuming a hexagonal array of repeating horn tubule 
units. The tubule transverse profiles were constructed in line with the mean Tu(MA: MI) Axis 
ratio data established for each respective zone. The absolute transverse area measurements of 
the horn tubules, cortices and medullary cavities were similarly based on mean recorded values. 
Table 6.1 summarises the morphometric parameters used to construct the zonal micro-models 
for ZI and Z3. 
Table 6.1 Summary table of the morphometrie characteristics of the Zone 1 and 3 
Site Tubule Area Mean Tubule Area Major to Minor 'Derived' Tubule 
Fraction measurement (ý, M) Tubule Axis Density 
ratio f2) (Tubules mn 
Zone 1 0.17 6899 3.07: 1 24.9 
Zone 3 0.23 32000 1.13: 1 7.28 
The horn tubule spacing (inter-fibre spacing) combined with the absolute tubule dimensions, 
was used to generate a fibre density (referred to as 'Derived' TD in Table 6.1) consistent with 
the mean zonal TuAF data. The resultant 2 phase micro-structural models for Z1 and 3 are 
illustrated in Figure 6.1. 
6.8.5.1 THEORETICAL DETERMINATION OF POTENTIAL MODULI 
The E for the composite was approximated using the 'simplified' equations for unidirectional 
laminae (Hull 1981). There are however, difficulties in applying these equations directly to the 
hoof wall. This is because neither the E for the Tu, or IT fractions are known. Hence a 
theoretical derivation had to be performed. 
Figure 6.12 phase micro-structural models for Zone I (left) and 3 (right) of the 
donkey hoof wall to show the structural and geometric organisation of tubular and 
intertubular horn in transverse section. 
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This was achieved by introducing a moduli ratio (K) of E tubule to E matrix, EllEin (Subscript 1 
for tubule, m for matrix). In this way, it was possible to assess the variation in E, for a range of 
DlEm ratios. 
'Rule of Mixtures' equations for unidirectional composites (Hull 1981) 
1. Axial Modulis (Ex) parallel to fibre orientation 
Ex = EjYf + Em Vm 
Where: 
Ef = Modulus of Elasticity of the fibre phase 
Vf = Volume fraction of the fibre phase 
Em = Modulus of Elasticity of the matrix phase 
Vm = Volume fraction of the martrix phase 
Hence in a two phase composite system 
Ex = EfVf + Em(I - Vf) 
Therefore 
x 2ý- = KVf + (I - Vf) Em 
Where 
K 
Ef 
Em 
2, Lateral Modulus (Ey) orthogonal to fibre orientation 
Ey =: 
EmEf 
Ef(I-Vf)+EmVf 
Ef 
K(I - Vf)+ Vf 
Hence 
Ey 
=K 
Em K(I-Vf)+Vf 
Modi led equations for unidirectional laminae (after Hull 19U) were used to take account of' 
contraction affects due to poison ratio (v): 
Ey = -(l 
Em'Ef 
-V 
)+ Em'Vf Ef f 
Where 
Em 
Em'= i7 
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Hence 
Ey K 
Em K(I-v'XI-Vf)+Vf 
The resultant modulus is hereafter referred to in this chapter as E, expressed in directional 
terms, that is y- and/or z-direction 
This approach was used to investigate experimentally determined values of modulus, with a view to 
extracting a tubule and matrix modulus. A range of values of K were selected based upon 
previously reported material testing data (see Table 6.2). 
Table 6.2 Summary table of axial to lateral hoof wall moduli for equid hoof horn 
Source Hoof Wall 
Region 
Axial 
modulus (Ex) 
MPa 
Lateral 
modulus (Ey) 
MPa 
Axial to 
lateral 
moduli ratio 
Hydration 
state 
Leach (1980) Outer 171 220 0.78: 1 
- 
MCF 
Inner 93 118 0.79: 1 
Douglas et aL Outer 998 912 1.09: 1 
- 
MCF 
(1996) Inner 544 460 1.18: 1 
Kasapi and Outer 560 310 1.81: 1 MCM 
Gosline (1997) Inner 300 180 1.66: 1 
Collins (2003) Full HWD N/A N/A 
_, 
1.5: 1 
(1.2: 1-1.7: 1) 
MCM 
It can be seen however from the table that the ratio of axial modulus (Ex) to medio-lateral 
lateral modulus (Ey) is not well defined. If the equations for axial and lateral modulus are used, 
at a given tubular volume fraction, for example, of 0.2, then it can be demonstrated that values 
of K from 0.2 to 3.5 span the range of experimental data. 
Based upon these values and the area fraction data obtained from the morphometric analysis, the 
axial and lateral moduli were determined using the 'rule of mixture' and modified Hull 
equations. In this way, theoretical E values were determined for both ZI and D. By expressing 
the predicted axial and lateral E, by convention as a ratio to the matrix modulus Em, then the 
reinforcing effect of the structural organisation on the matrix material can be evaluated for 
different values of K. It is anticipated that a fibre composite structure, reinforced in a given 
direction would display a modulus in that direction > Em. 
6.8.5.2 MACROMECHANICAL FE MODELLING OF THE DONKEY HOOF WALL 
FEA was used to determine the lateral E by a fixed displacement approach using two- 
dimensional plain strain elements. This was achieved by applying a unit displacement on one 
edge, and restraining the opposite edge with 'stiff boundary elements of a known stiffness 
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constant. The mid-point of the restrained edge was fully restrained such that no displacement 
was possible in any directional plane. All other nodes were free to move. 
The E was determined by assessing the force in the boundary elements and the overall 
displacement in the chosen direction. This analysis was repeated over a range of ratios of EtlFni 
from -0.28 to 3.5. It is appreciated that by using plane strain elements that the resultant values 
would be greater than that predicted by the modified Hull equation, due to poisson effects In the 
x -direction. Hence all FE outputs were corrected in this respect, and factored to pass through 
unity at K=1. 
This procedure was conducted both in the medio-lateral (y) and dorso-palmar (z) direction. in 
this way E values were obtained in each lateral direction, that is Ey and Ez. This approach was 
applied to both zonal sites. In addition, maximum stress and strain concentration factors were 
calculated over the range of K for both the Tu and IT horn fractions. Concentration factors were 
based respectively upon the ratio of maximum to mean stress, and strain, within each horn 
fraction over the range of K values. 
6.8.5.3 MICROMECHANICAL FE MODELLING OF THE DONKEY HOOF WALL 
Further interpretation of the FEA was conducted to investigate the micro stress/strain 
concentration developed as a consequence of the structural organisation of Tu and IT horn. In 
this way, the effects of tubular shape upon the mechanical properties of the hoof could be 
further elucidated. Whilst it is appreciated that this approach cannot be used directly to assess 
possible failure, given that the Tu and IT components are likely to possess differing material 
properties, it may indicate areas of potential weakness. Such weaknesses may be of significance 
in crack initiation and crack stopping phenomena. 
6.8.6 INVESTIGATION OF THE EFFECTS OF THE LAMINITIC CONDITION 
ON HOOF WALL FUNCTION 
A final modelling experiment was performed to investigate the functional significance of' the 
differences in zonal E associated with the laminitic condition that were reported in Chapter 5 of 
this thesis. 
An initial analyses were conducted at the MDC of the hoof wall based upon the baseline zonal 1, 
data detailed by Latham (2001 - Pers Com. ). This data was adjusted to conforrn to the 
convention of the donkey hoof wall zonation adopted in this thesis. This analysis was 
subsequently repeated using both the mean laminitic zonal E detailed in Chapter 5, and also the 
mean zonal E for Laminitic Group I and 2. The 'through depth' material properties of the hoof' 
wall were defined in each respective analysis as detailed in Table 6.3 below. 
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Table 6.3 Summary table of the zonal moduli used in the four respective modelling 
scenario 
Zone I Zone 2 Zone 3 
0-25 %HWD 25-40 %HWD 40-100 %HWD 
Model 1 365 NIPa 170 MPa 105 MPa 
Baseline Data* 
Model 2 210 MPa 165 MPa 105 MPa 
Laminitic Data 
Model 3 185 MPa 145 MPa 100 NIPa 
Laminitic Group I 
Model 4 225 MPa 180 NlPa 105 M-Pa 
Laminitic Group 2 
1 
1 
* Latham (2001 - Pers Com. ) 
A linear elastic analysis was performed assuming isotropic material properties, with av of 0.4. 
The analyses were performed using the same model geometry, with identical loading conditions 
and boundary constraints. Von Mises stress values and maximum and minimum principal stress 
and strain data were established across the hoof wall depth at 5,50 and 95% HWH- 
6.9 RESULTS 
6.9.1 DEVELOPMENT OF A GROSS ANATOMICAL MODEL OF THE 
DONKEY HOOF WALL 
The general arrangement, light shaded view of the resultant 2mm mesh model is shown in 
Figure 6.2A with arrows indicating the loading surfaces and red circles indicating the boundary 
restraints. Figure 6.213, C and D illustrate the deformation of the hoof wall model in response to 
loading and boundary restraints. A comparison of the displaced shape with the original 
unloaded structure revealed an outward displacement at the heels (Figure 6.213). This 
displacement increased progressively towards the palmar aspect attaining a maximum value of 
2.36mm. A dorso-concave deformation of the dorsal aspect of the MDC was indicated, with the 
proximal region experiencing an inward deflection of 0.3 mm. The 'total deflection' at any point 
around the hoof wall model in the loaded state is shown in Figure 6.2C, whilst deflections in the 
mediolateral y-direction are presented in Figure 6.213 (sign denotes direction of displacement 
relative to central axis). 
The maximum principal strain in the outer aspect varied around the hoof wall. In general, strain 
values increased from the heels towards the MDC, attaining a maximum value in the order of 
2500pr, at the proximal region of the MDC. The direction of the principal strains indicates that 
the maximum principal strain at the MDC was aligned along the x-axis both proximally and 
distally, and that the hoof wall at this site was subjected to biaxial compression. The magnitude 
of biaxial compression was greater proximally than distally (see Figure 6.2E). 
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Figure 6.2 Finite element modelling of the hoof wall at the gross anatomic level 
(After Newlyn et aL 1998). 
F 
Lf 
IWA fit 
iu 
ff., 
A modelled sagittal section taken along the plane of the MDC (illustrated in Figure 6.21-) 
revealed the pattern of 'through depth' stress distribution, This indicated that the dorsal aspect 
of the hoof wall was subjected to compressive forces. The magnitude of these forces increased 
progressively in a proximal direction from the BB. Compressive forces decreased across the 
dorso-palmar depth of the hoof wall, with the development of tensile forces towards the inner 
margin of the wall section. The greatest tensile force was generated in the proximal half of' the 
wall. 
6.9.2 VALIDATION OF THE GROSS ANATOMICAL HOOF WALL MODEL 
Photomicrographs of the solear and lateral aspects of the modelled hoof capsule and the plastic 
reverse build model are presented in Figure 6.3. Visual comparisons of the model with the 
actual hoof capsule indicate an 'acceptable' first approximation of the geometric form of the 
hoof wall, especially with regard to the basal template and the angle of capsular inclination. 
However, discrepancies are apparent in the degree of truncation, particularly in the palmar 
region of the model. It is also noted that elements of the finer detail of the actual hoof wall were 
absent from the model. For example, the proximo-distal variation in dorsal hoof wall angle at 
the MDC was not successfully captured in the hoof wall model. 
6.9.3 THE EFFECT OF DORSO-PALMAR VARIATION IN MODULUS OF 
ELASTICITY 
The theoretical effect of the dorso-palmar variation in E upon maximum and minimum principal 
stress levels, and the Von Mises stress at the MDC are summarised in Table 6.4, and illustrated 
in Figure 6.4. Data is provided for five sites across the HWD at 50 %HWH. 
Table 6.4 Theoretical effect of the dorso-palmar variation in modulus of elasticity 
upon maximum and minimum principal stress levels, and the Von Mises stress at 
the MDC 
J%lodel Maximum Principal Stre s (MPa) 
Scenario 0% HWD 25% HWD 50% HWD 75% HWD 100% HWD 
Constant E 0.0465035 0.0428688 0.110705 0.64209 
- 
1.24891 
Variable E 0.0444129 0.0309479 0.422999 0.66T68 1 0.740572 
------- 
Minimum Principal Stre s- MPa) 
0% HWD 25% HWD 50% HWD 75% HWD 100% HWD 
Z; on s 
-ta n TtE7 -0.848336 -0.392774 -0.100415 -0.021294 -0.0478781 
Variable E -1.24897 -0.314492 -0.0192817 -0-01&8136 -0.0267858 
Von Mises Stress ( Pa 
0% HWD 25% HWD 50% HWD 75% HWD 100% HWD 
Eonstant E 0.777151 0.391775 0.187710 0.618139 1.16986 
Variable _E 
1.12852 0.332675 0.411551 10 0.611304 1 0 AQ 1 Al 
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6.9.3.1 CONSTANT'THROUGH DEPTH9 MODULUS MODEL 
MAXIMUM AND MINIMUM PRINCIPAL STRESS 
In the constant 'through depth' modulus (Constant E) model there was a dorso-palmar increase 
in maximum principal stress levels across the HWD. This increase was not however 
progressive. Stress levels remained constant across the initial 50% HWD at -OMPa, before 
rising progressively, in a linear fashion, across the remaining dorso-palmar HWD to reach a 
maxima of 1.24 MPa at the laminar interface (100% HWD). 
The highest level of minimum principal stress (-0.8MPa) occurred at 0% HWD. Minimum 
principal stress levels decreased progressively in a dorso-palmar direction, and approached 
OMPa at 70% HWD. Minimum principal stress levels remained at this level across the 
remainder of the dorso-palmar HWD. 
These results indicate that in the constant E model the outer aspect of the hoof wall is subject to 
uniaxial compression. The magnitude of the uniaxial compression decreases across the HWD 
until, at -50% HWD, the hoof wall is in an unstressed state. Thereafter the hoof wall is 
subjected to a progressively increasing uniaxial tensile stress which reaches its maximal value at 
100% HWD. 
VON MISES STRESS 
Von Misses stress levels decreased in a linear manner, from a level of -0.8MPa, at the outer 
hoof wall, to reach a minima of -OMPa at 50% HWD. Thereafter, stress levels rose in a linear 
manner across the remaining HWD, with peak Von Mises stress levels of 1.1 7MPa predicted at 
the laminar interface (100% HWD). 
252 
Figure 6.3 Photographic comparison of the solear (top row) and lateral (bottom 
row) aspect of the actual modelled hoof capsule (left), and a reverse engineered 
model (right) constructed from data obtained by the shape characterisation 
methodology. 
Note: Data used to construct the reverse engineered model was that used in the FE modelling of 
the donkey hoof wall. 
Solear Aspect 
Lateral Aspect 
6.9.3.2 VARIABLE 'THROUGH DEPTI-19 MODULUS MODEL 
Although the dorso-palmar stress patterns across the hoof wall depth in the variable modulus 
(Variable E) model displayed a broadly similar pattern to that predicted in the constant E model 
it differed in its finer detail. The differences in finer detail reflected the modulating effect of E 
upon stress distribution within the hoof wall. 
In the Variable E model, compressive and Von Mises stress levels were concentrated in the 
outer region of the hoof wall, attaining levels greater than those recorded in the Constant E 
model. Conversely the inner aspect of the hoof wall in the Variable E model was subjected to 
less severe stress conditions than those predicted in the Constant E model. A 'between model' 
comparison of the dorso-palmar stress patterns across the HWD are presented in Figure 6.4, for 
each respective stress parameter. 
MAXIMUM AND MINIMUM PRINCIPAL STRESS 
Tensile stress levels at the laminar interface were -62% of that predicted at constant E, whilst 
tensile stress levels at 50% HWD displayed a three-fold increase. Tensile stress levels at the 
other reference sites are similar to those of the constant E model. The rate of tensile stress 
increased within the inner 25% of the hoof wall depth was noticeably lower than that evident at 
constant E. 
Compressive stress values displayed a 47% increase at 0% HWD, reaching a maxima of -1.25 
MPa. The trend in compressive levels was similar to that seen at constant E, decreasing to 
approx. 0 by 50% HWD and remaining at that level across the remaining HWD. 
VON MISES STRESS 
Von Mises stress levels were increased at 0 and 50% HWD, and markedly decreased at the 
laminar interface. The rate of change of Von Mises stress within the inner 25% of the hoof wall 
was reduced in a similar manner to that observed in maximum principal stress. 
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Figure 6.4 Comparison of modelled stress patterns across the hoof wall depth at 
the MDC in the constant and variable modulus scenarios. 
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Von Mises Stress Constant Modulus 
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6.9.4 DEVELOPMENT OF THE FINITE ELEMENT MODEL AT THE 
MICROSCOPIC LEVEL 
6.9.4.1 THEORETICAL DETERMINATION OF POTENTIAL MODULI 
Figure 6.5 illustrates the variation in theoretical E ratio, both in the x- and y-direction, with 
increasing K. This figure shows that if the equations for axial and lateral E are used at a 
fibre to 
matrix volume fraction of 0.2 (20%), then K values between 0.28 and 3.5 will provide 
data that 
lie in the approximate range of mechanical data reported for equid 
hoof. 
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Figure 6.5 Theoretical determination of potential moduli with increasing K 
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6.9.4.2 MACROMECHANICAL FE MODELLING OF THE DONKEY HOOF WALL 
Figures 6.6 and 6.7 illustrate moduli ratios obtained from FE analysis for aK range of tubule (t) 
to matrix (in) moduli ratios (Et/Em) from 0.285 to 3.5. These are given in the y- and z-direction 
in respect of both zonal models, and are shown as a ratio relative to the probable axial moduli' 
(Ex), derived from the 'rule of mixtures' relationship. It can be seen that the lateral to axial 
moduli ratios are close to unity in both models, over the range of K values tested. However as K 
increases from 1, the lateral to axial moduli ratio reduced consistently as the reinforcing In the 
axial direction becomes more dominant. 
Figures 6.8 - 6.11 present detailed plots showing the modelled lateral moduli ratios compared 
with those calculated using the modified Hull equations. These comparisons are given both in 
the y- and z-direction for each zonal site. These are expressed in ratio the axial moduli (Ex), 
derived from the 'rule of mixtures' relationship. 
it can be seen that the lateral to matrix modulus ratio determined from the FEA analysis 
corresponds closely to the values obtained from the modified Hull equations, in both the y- and 
z-directions. However it is noteworthy that whilst D rat' II ios appear to broadly similar over the 
range of K values tested, the moduli ratios In ZI diverge in the y-direction with increasing K. 
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Figure 6.6 Moduli ratios obtained from FE analysis for aK range of tubule (t) to 
matrix (m) moduli ratios (EtlEm) from 0.285 to 3.5 in the y- and z-direction in 
Zone 1. 
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Figure 6.7 Moduli ratios obtained from FE analysis for aK range of tubule (t) to 
matrix (m) moduli ratios (Et/Em) from 0.285 to 3.5 in the y- direction and z- 
direction in Zone 3. 
1 
0.95 
0.9 
0.85 
0.8 
0.75 
0 
256 
0.5 1 1.5 2 2.5 3 3.5 
Tubule/Matrix Modulus Ratio K (Et/Em) 
Ey/Ex --m- Ez/Ex 
Figure 6.8 Modelled lateral moduli ratios compared with those calculated using the 
modified Hull equations with increasing K for Zone 1 in the y-direction. 
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Figure 6.9 Modelled lateral moduli ratios compared with those calculated using the 
modified Hull equations with increasing K for Zone 1 in the z-direction. 
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Figure 6.10 Modelled lateral moduli ratios compared with those calculated using 
the modified Hull equations with increasing K for Zone 3 in the y-direction. 
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Figure 6.11 Modelled lateral moduli ratios compared with those calculated using 
the modified Hull equations with increasing K for Zone 3 in the z-direction. 
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MODELLED MODULI RATIOS IN ZONE I 
At an Et/Em ratio of 3.5 the lateral to axial moduli ratios are 0.9 and 0.85 in the y- and z- 
direction respectively. This indicates that there are relative differences (of these specific orders) 
in the E between the keratinous material in the two respective phases. At this K value the axial 
modulus is -42 and 34% greater than the matrix material in the y- and z-direction respectively. 
MODELLE MODULI RATIOS IN ZONE 3 
The corresponding modelled lateral to axial ratios for Z3 are 0.84 and 0.82. This equates to an 
axial E 40 and 42% greater than the matrix material In the y- and z-dIrection respectively, 
6.9.4.3 STRESS AND STRAIN CONCENTRATION FACTORS 
Figures 6.12 - 6.15 illustrate the stress and strain concentration factors within the respective 
hoof hom fractions over the range of K values tested. These values are presented in respect of 
loading both in the y- and z-direction for each zonal site. 
ZONE I STRESS STRAIN CONCENTRATION FACTORS 
The maximum stress and strain concentration factor plots displayed a sl liar trend in both the 'in' 
y- and z-direction (See Figures 6.12 and 6.13). However the exact values were dependent upon 
the direction of loading. In general terms, the stress concentration factor within the tubular horn 
fraction increased with increasing K. Maximum strain concentration factors in the tubular 
component reached three times the mean at Et/Ern of 1. This trend was accompanied by a 
corresponding reduction in tubule strain concentration factor. The rate of change decreased 
progressively with increasing K. The absolute values predicted in the y-direction were greater 
than those in the z-direction for a given value of K. 
The rate of change of stress and strain concentration factor within the tubule horn fraction was 
similar in the z-direction. However in the y-direction, the rate of change in tubule stress 
concentration factor was greater than the rate of change in tubule strain concentration. 
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Figure 6.12 Maximum stress and strain concentration factor plots in the y- 
direction for Zone 1. 
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Figure 6.13 Maximum stress and strain concentration factor plots in the Z- 
direction for Zonel. 
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Figure 6.14 Maximum stress and strain concentration factor plots in the y- 
direction for Zone 3. 
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Figure 6.15 Maximum stress and strain concentration factor plots in the z- 
direction for Zone 3. 
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Stress and strain concentration factors within the matrix increased progressively with increasing 
K above unity. However the rate of change was modest in comparison with the tubular horn 
fraction. Absolute values of stress and strain concentration factors were approximately equal for 
any given value of K. However, there was an indication that these values diverged at K>2.5. 
This apparent trend was more pronounced within the y-direction. Maximum stress and strain 
concentration factors within the matrix did not exceed twice the mean values either in the y or z 
direction across the range of K values. By extrapolating the results beyond K of 3.5, suggest that 
strain concentration factors within the respective hom fractions reach parity at aK value of -4- 
4.5. The ratio of maximum to mean strain at this K value is - 2.25. 
ZONE 3 STRESS STRAIN CONCENTRATION FACTORS 
The stress strain concentration factors in response to y- and z-directional loading for D are 
given in Figures 6.14-6.15. These plots display a similar trend to those reported for ZI. 
However the absolute values are consistently lower. Tubule and matrix strain concentration 
factors reach parity in the y and z loading direction at aK of -3.5. The ratio of maximum to 
mean strain at this K value is -1.5 and 1.8 in the y- and z-direction respectively. 
6.9.4.4 MICROMECHANICAL FE MODELLING OF THE DONKEY HOOF WALL 
'rhe distribution of the region of maximum strain was dependent upon K value, loading 
direction, and Zone. 
In the ZI model loaded in the y-direction, the point of maximum strain moved as K increased 
from unity to 3.5. At unity this was located at the tubular-matrix interface adjacent to the apex 
of' the tubule minor axis. As K values increased, the loci of maximum strain concentration 
moved progressively towards the interface at the apex of the tubule major axis. At K of 3.5 the 
position of' maximum strain concentration was located at the interface adjacent to the tubule 
major axis. 
In the case of z-direction loading at K =1, the strain concentration was centred upon the apex of 
the major axes. With increasing K, strain concentration moved towards the minor axis. 
I lowever, the degree of movement was less pronounced than in y-direction loading. At K of 3.5 
the location of maximum strain was centred on the tubular-matrix interface at a point equidistant 
between the major and minor axis. Figure 6.16 illustrates the resultant Von Mises stress 
distribution within the ZI model loaded in the z-direction, at K=1. 
In the Z3 model, strain concentration was similarly centred at the tubular-matrix interface 
orthogonal to the respective direction of loading, at K values of 1, both in respect of y- and z- 
direction loading. As K increased, the centre of strain concentration moved towards the 
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direction of loading. The degree of this movement in response to z-direction loading was similar 
to that observed in the ZI model. However the degree of movement recorded in y-direction 
loading was less pronounced than in the Z1 analysis. With regards to strain distribution within 
the horn tubules, the position of maximum strain in both zonal models was located at the 
boundary with the medullary cavity, normal to the direction of loading, over the range of K 
values analysed. 
Figure 6.16 Von Mises stress distribution within the Zone 1 model loaded in the z- 
di rection, at K=1- 
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6.9.5 INVESTIGATION OF THE EFFECTS OF THE LAMINITIC CONDITION 
ON HOOF WALL FUNCTION 
The theoretical mechanical responses at the MDC to differences in zonal E associated with the 
laminitic condition are detailed below. Results are presented both in respect of dorso-palmar 
effects at 50%HWH, and 
disto-proximal effects at 0 and 100% HWD. 
6.9-5.1 DORSO-PALMAR EFFECTS 
Modelled mechanical responses at the MDC are summarised in Table 6.5. Predicted dorso- 
palmar stress and strain values are given 
0,25,40 70 and 100% HWD at 50% HWli in respect 
of both the normal and 
laminitic modelling scenario. 
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Table 6.5 Summary comparison of modelled dorso-palmar stress and strain levels 
in normal and laminitic hoof horn at the MDC site at 50% HWH. 
Model Maximum Principal S ress 
Scenario 0% HWD 25% HWD 40% HWD 70% HWD 100% HWD 
Normal -0.02409 0.00547 0.08486 0.45771 0.97484 
Laminitic -0.01265 0.00692 0.05151 0.43108 1.04481 
Model Minimum Principal S ress 
Scenario 0% HWD 25% HWD 40% HWD 70% HWD 100% HWD 
Normal -1.43275 -0.46986 -0.15692 -0.01778 0.02095 
Lammitic -1.19700 -0.51625 -0.24976 -0.05293 0.02025 
Model Maximum Principal S rain 
Scenario 0% HWD 25% HWD 40% HWD 70% HWD 100% HWD 
Normal 0.00244 0.00132 0.00097 0.00414 0.00842 
Lammitic 0.00353 0.00216 0.00136 0.00406 0.00910 
Model Minimum Principal S rain 
Scenario 0% HWD 25% HWD 40% HWD 70% HWD 100% HWD 
Normal -0.00296 -0.00122 -0.00150 -0.00220 -0.00430 
Lammitic -0,00437 -0.00176 -0,00178 -0.00240 -0.00456 
Model Von Mises Stress 
Scenario 0% HWD 25% HWD 40% HWD 70% HWD 100% HWD 
Normal 1.23129 0.43525 0.22369 0.43754 0.87682 
Laminitic 1.03220 0.50401 0.26248 0.43746 0.94687 
In the Normal model which was based upon the moduli data of Latham (2001 - Pers com. ), the 
maximum and minimum principal stress data indicated that the outer aspect of the hoof wall 
was subject to biaxial compression. At 25 % HWD, the hoof wall was subject to a combination 
of tensile and compressive forces, with compressive forces predominating. A Similar pattern of 
force distribution was also evident at 40% HWD, however tensile forces had increased and the 
magnitude of the compressive force had decreased. The hoof wall at 70%HWD was also subject 
to a combination of tensile and compressive forces, however tensile forces predominated. At the 
laminar interface (100% HWD) the wall was subject to biaxial tensile forces. 
Although the pattern of force distribution was similar in the laminitic model, there were marked 
differences in the magnitude of the maximum and minimum principal stress, and also in the Von 
Mises stress and the associated maximum and minimum strain levels acting at the 
corresponding 14WD sites. In particular, Von Mises stress levels were greater at all sites, as 
were both the maximum and minimum strain levels. These differences were associated at 
50'Y(, IIWH with the outer aspect of the hoof wall being subjected to elevated levels of strain (a 
40'Yo increase in maximum principal strain), whilst the laminar interface experienced higher 
levels of tensile stress (an 8% increase in both Von Mises stress, and Maximum Principal 
stress). 
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6.9.5.2 DISTO-PROXIMAL EFFECTS 
Modelled mechanical responses at the MDC are summarised in Table 6.6. Predicted stress and 
strain values are given at 5,50 and 95% HWH in respect of both the norinal and laminitic 
modelling scenario. In both models the outer aspect of the hoof wall is predominantly subject to 
compressive forces that increase from the 5% to the 95% HWH sites, this is also associated with 
a disto-proximal increase in Von Mises stress. However at the laminar interface, the 5% HWII 
site was subject to a combination of tensile and compressive forces, at 50%HWH, biaxial 
tension, and biaxial compression at 95% HWH. Comparison between the two models indicated 
that in the lammitic model, the hoof wall in the vicinity of the coronary corium is subject to 
altered levels of maximum and minimum principal stress, and strain, and also Von Mises stress. 
Table 6.6 Summary comparison of modelled disto-proximo stress and strain levels 
in normal and laminitic donkey hoof horn at 0 and 100% HWD at the MDC site. 
Maximum Principal Stress 
-- Model 0% HWD 100 % HWD 
7% HWH 50% HWH 95% HWH 7% HWH 50%HWH 95%HWII 
--jý-ormal 0.497659 -0.02409 -0.46053 0.13872 0.97480 0.80095 7-77- 
Laminitic 0.14712 -0.01265 -0.27486 0.29095 1.04481 0.75492 
_ Minimum Principal Stress 
Model 0% HWD 100 % HWD 
7% HWH 50% HWH 95% HWH 7% HWH 50% HWII 9511/o HWH 
Normal -0.64909 -1.43275 -2.97290 -0.22353 0.02090 -0.11446 
ffLaErr!, 
ýEic -0.90175 -1.19697 -2.24310 -0.70551 0.020247 -0.16950 
Maximum Principal Strain 
-ýjo--del 0% HWD 100 % HWD 
- 7% HWH 50% HWH 95% HWH 7% HWH 50% HWH 95% HWII 
No 1 0.002954 0.00244 0.002884 0.004404 0.008420. 0.007566 
0.003515 0.00353 0.003790 0.005610 0.009098 0.007549 
Minimum Principal Strain 
1%4odel 0% HWD 100 % HWD - ;. ý 7% HWH 50% HWH T95% HWH 7% HWH 50% HWH 95% HWII 
-Ko-mial -0.00235 -0.00296 -0.00675 -0.00777 -0.0043E: 
=-0.00464 
Laminitic -0.00348 -0.00437 -0.00909 -0.00768 -0.00456 -0.00477 
Von Mises Stress 
Model 0% HWD 100 % HWD 
7% HWH 50% HWH 95% HWH 7% HWH 50% HWH 95% HWH 
Normal 1.27412 1.23129 2.37017 0.84672 0.87682 0.8218 
Lamillitic 0.94881 1.03220 1.84081 0.88331 0.94687 0.83038 
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6.9.6 INVESTIGATION OF LAMINITIC GROUP EFFECT ON HOOF WALL 
FUNCTION 
The theoretical mechanical responses at the MDC to laminitic group differences in zonal Ec are 
dctailed above in Table 6.7 and Table 6.8. Results are presented in respect of dorso-palmar 
effects across the HWD at 50%HWH. Comparison between the two respective laminitic groups 
revealed a similar pattern of Maximum and Minimum Principal stress and strain distribution and 
also Von Mises stress distribution across the dorso-palmar HWD. 
Table 6.7 Summary of 'between group' comparison of modelled dorso-palmar 
stress and strain levels in laminitic hoof horn at the MDC site at 50% HWH. 
Model 
Scenario 
Maximum Principal Stress 
0% HWD 25%HWD- 40%HWD 70%HWD 100%HWD 
Group 1 -0.01110 0.00839 0.05104 0.42378 1.05454 
Group 2 -0.01426 0.00512 0.05185 0.43760 1.03692 
Model 
. Scenario 
Minimum Principal Stress 
0% HWD 25% WD 40% HWD 70% HWD 100% HWD 
Group 1 -1.17044 -0.51827 -0.25578 -0.06153 0.01980 
Grotip 2 -1.22053 -0.51938 -0.24598 -0.04478 0.02075 
Model 
Scenario 
Maximum Principal Strain 
0% HWD 25% HWD 40% HWD 70% HWD 100% HWD 
Group 1 0.00392 0.00245 0.00158 0.00423 0.00966 
GroLip 2 0.00335 0.00201 0.00124 0.00408 0.00901 
Model 
Scenario 
Minimum Principal Strain 
- 0% HWD 25% HWD 40% HWD 70% HWD 100% HWD 
Group 1 -0.00486 -0.00203 -0.00194 -0.00257 -0.00483 
Group 2 -0.00415 -0.00163 -0.00171 -0.00235 -0.00454 
Model 
Scenario 
Von Mises Stress 
0% HWD 25% HWD 40% HWD 70% HWD 100% HWD 
Grotip 1 1.01022 0.50340 0.26606 0.43675 0.95751 
Group 2 1.05146 0.50628 0.26177 0.43783 0.93778 
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Table 6.8 Summary of 'between group, comparison of modelled disto-proximo 
stress and strain levels in laminitic hoof horn at 0 and 100% HWD at the MDC 
site. 
Maximum Principal Stress 
Model 0% HWD 100 % HWD 
7 %HWH 50 %HWH 95 %HWH 5 %HWH 50%HWH 95%HWII 
grog 1 0.31912 -0.01110 -0.29 45 0.24460 1.05454 0.82023 
- 912uL2 0.34870 -0.01426 -0.32515 0.21475 1.03692 0.81922 
- Minimum Principal Stress 
Model 0% HWD 100 % HWD 
7 %HWH 50 %HWH 95 %HWH 5 %HWH 50 %HWH 95'YoHWII 
-0.70791 -1.17044 -2.16500 -0.76153 0.01980 -0.14070 
-0.75520 -1.22053 -2.31226 -0.76149 0.02075 -0.13332 
Maximum Principal Strain 
Model 0% HWD 100 % HWD 
7 %HWH 50 %HWH ý/oHWH 5 %HWH 50 %HWH 95 %f IWI I 
Group 1 0.004218 0.003915 0.004355 0.005639 0.009661 0.008256 
gl2g 2 0,00374 0.00335 0.00378 0.00509 0.00901 0.00782 
__ Minimum Principal Strain 
Model 0% HWD 100 % HWD 
7 %HWH 50 %HWH T 9T7/oHWH 5 %HWH 50 %HWH 95 'YoHWH 
Group 1 -0.00355 -0.00486 -0.00980 -0.00845 -0.00483 -0.00520 
-0.00313 -0.00415 -0.00858 -0.00792 54 -0.004 -0.00488 
Von Mises Stress 
Model 0% HWD 100 % HWD 
7 %HWH 50 %HWH ] 
_95 
%HWH 5 %HWH 50 %HWH 95 %IIWI I 
FG-rouP 1 r 2 M 0.94100 1.01022 1 1.75380 0.90669 0.95751 0.86031 
UD -2 r o 
P 
G 1.01146 1.05146 1 1.86548 0.88501 0.93778 0.85347 
6.10 DISCUSSION 
This study represents one of the first applications of this powerful modelling technique to equid 
hoof wall function. There are many advantages in applying FEA to this type of mechanical 
problem. Firstly it is possible to generate a general understanding of the structure and analyse 
how it performs under various loading conditions. In particular it is possible to determine with 
reasonable confidence, conditions in regions of the 
hoof wall where experimental results are 
difficult to achieve. Secondly it is possible to work at different levels within the design 
hierarchy of the hoof wall, so that a more detailed analysis of the structural complexity of the 
hoof wall, and its performance, can be achieved. Finally, FEA provides an ideal focus for 
bringing together information derived from a multidisciplinary materials characterisation of 
properties so that they can 
be critically assessed in terms of hoof wall function. 
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This study differs from other work within this field, most notably by Hinterhoffer 1996, 
flinterhoffer et al. 1997, McClinchy 2000, McClinhy et al. (2001 - Submitted) and Thomason 
el al, (2002) in that the modelling exercise has not been restricted to the gross anatomical level. 
This study has also evaluated the macro- and micromechanical performance of the donkey hoof 
wall. In addition this study has investigated the potential effect of pathological change against 
baseline performance criteria for the donkey hoof wall. In this way, this investigation represents 
a logical development of former FEA analyses of equid hoof wall function. It has provided new 
insight into the structure-function relationships that exist at various levels within the design 
hierarchy of the donkey hoof wall. 
Various authors including Zenker (1991), Douglas (1998) and McClinchy (2000) and 
Thomason et al. (2000) have adopted elements of the approach detailed in Section 6.6.1 and 
Section 6.6.2 to describe the shape of the hoof capsule. However this represents the first 
occasion in which the rationale behind parameter selection has been elucidated fully. 
The use of a reverse engineering approach to generate a physical model of the hoof wall, based 
upon measurements taken from the hoof wall enabled a subjective assessment of the model 
development protocol. The validation of the model development phase of the FE process 
represents an essential prerequisite for effective FEA. This assessment indicated that the shape 
description protocol, detailed in Section 6.8.1 and Section 6.8-2, provided an acceptable first 
approximation of the gross anatomical shape of the donkey hoof wall. This is the first occasion 
in which a means of shape validation has been employed. 
The initial analysis of the donkey hoof wall model at the gross anatomical level gave a predicted 
pattern of deformation, in response to static loading, which is in broad agreement with 'in vivo' 
observations given for the horse by Lungwitz (1889,1891) and Pollitt (1993). This was 
characterised by outward expansion of the heels, dorsoconcavity of the proximal MDC, and a 
proximo-dirtal reduction in capsular height at the MDC. This was in marked contrast with the 
work of Hinterhofer et al. (1997), who were not able to achieve deformation consistent with 'in 
vivo' observations when modelling this capsular component in isolation. 
The similarity of the predicted deformation pattern to 'in vivo' observations for the horse 
suggests that the mode of mechanical functioning of the donkey hoof wall may be similar to that 
of the horse. However differences were noted in the finer detail of the deformation pattern. The 
displacement diagram illustrates that in the region of the quarters and heel the displacement 
value is greater proximally than distally. This contradicts 'in vivo' observations in the horse 
where lateral expansion is greatest at the BB reported by Thomason et al. (1992). However it is 
important to note that the displacement values are nominal, that is they give absolute 
displacement values only, and are not vector quantities giving directional information. The 
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corresponding displaced space plot in the lateral (y) direction indicates a uniform outward 
expansion in the donkey. Therefore, the predicted values given for total displacement suggest 
that the proximal region of the quarters may be subjected to a combination of different 
compressive, tensile, bending, and torsion forces. 
Thomason et al. (1992) suggested that the proximal region of the heels in the horse were 
subjected to an inwardly directed tensile force that results in an outward and upward movement 
of the heel distally. However the displacement plot in the y-direction for the donkey predicts 
uniform outward expansion proximally and distally. Hence this suggests in the case of' the 
donkey that axial compressive forces contribute to total displacement predicted at this site. 
These differences may reflect the sophistication of the model, and the assumptions made in this 
respect, or may represent a genuine difference in hoof wall function between donkey and horse. 
Reilly (1997) and Collins et al. (2002) have commented upon the anatomical differences 
between horse and donkey hoof capsule, and suggested that there may be different amounts of 
movements within the two capsules during loading. It can be argued in term of mechanical 
principles, that geometrical differences in the hoof capsule are likely to affect displacement 
under loading. In this case, heel expansion resulting from rotation and/or bending is likely to be 
less in the more upright donkey capsule due to increased axial resistance. In addition, tapering 
of the hoof wall depth in the heel region of the horse (Reilly 1997, Collins et al. 2002), 
combined with an inclined geometry, presents less material to resist displacement, and increases 
the tendency to accommodate such movement. 
The theoretical distribution of principle strain around the outer surface of the hoof wall indicates 
the occurrence of maximum principle strain centred upon the proximal region of the MDC. This 
is consistent with experimental observations using surface strain gauges for the horse 
(Thomason el al. 1992, Chang et al. 1993) and for the donkey (Chang el al, 1993), and suggests 
that this FEA model is reproducing 'in vivo' conditions. In addition, the principal strain 
distribution in the hoof wall model was comparable with that reported in the donkey hoof by 
Chang et al. (1993). 
Focusing strain levels in the proximal part of the hoof wall may represent an important means of' 
biofeedback that enables hoof horn production to be modulated to produce an optimal structure 
to meet the functional requirements of the hoof wall. 
The stress distribution at the surface of the capsule, that is derived from the strains using the 
stated E and v, can 
be displayed in various forms. The magnitude of the Maximum Principal 
stress can be plotted as can the 
Minimum Principal stress, or, a combination of these related to 
various failure theories. 
However given the complexity of the structural hierarchy evident in the 
hoof wall (Reilly et al. 1996, Kasapi and Gosline 1997), and our limited knowledge of the 
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material properties of hoof hom (Reilly 1995), it is difficult to say which failure mode is 
applicable. However two stress states may be of interest, the Maximum shear stress (Tresca), 
and the Von Mises Stress (Shear strain energy theory). Both of these are usually related, in 
engineering applications, to failure in ductile materials. Such a mode of failure may be 
applicable to hoof wall modelling due to the potential plasticising effect of the material's 
inherent moisture content (Cope et al. 1998). However, as the material is non-isotropic and 
possibly behaves in a non-linear fashion when loaded at high speed, these values can only give 
an indication of the resultant conditions. The accuracy of the results can only be as accurate as 
that of the assumptions made in developing and resolving the model. 
The Shear stress plot is also interesting in that it relates to the isochromatic fringes produced in 
photoelastic analysis. A plot of two times the Tresca stress is used to simulate photoelastic 
surface strain and is used as a comparison. This analysis provided a modelled response that was 
in broad agreement with 'in vitro' Photoelastic shear stress data reported for the equine hoof by 
Dejardin et al. (1999,200 1). 
The accuracy of a FEA is dependent upon contributions from the geometrical modelling of the 
structure, the selected mesh size, the specified material properties, the defined boundary 
conditions, and the chosen load and means of loading. Whilst confidence can be expressed in 
terms of the geometric modelling and the boundary restraints, several important assumptions 
and compromises have had to be made with respect to the other factors. 
The accuracy of the solution is related to the mesh size. The software used in these simulations 
can provide an indication of accuracy by calculating a precision value. It takes the values of the 
quantity of interest, for example, stress, and compares the values derived at a node from all the 
elements connected at that node. These will differ depending on the mesh size and the local 
strcss/strain gradients. The precision is defined as the maximum difference between these values 
divided by the maximum stress in the body. 
Although the force generated by an average donkey bodyweight during static loading can be 
calculated with relative ease, there is a lack of scientific evidence as to how this force is 
distributed between the four hoof capsules. Stashak et al. (2002) stated that the forefeet support 
60% of the body weight of the horse. If a similar situation exists in the donkey then the results 
of' this preliminary study, based upon an even force distribution acting through each hoof, 
under-represents the effect of static loading upon the deformation and stress distribution in the 
forelimb donkey hoof wall. In addition, there is limited information regarding the means by 
which the force is transferred from the axial skeleton to the ground via the hoof capsule. It is not 
known if the load is transferred equally via the 400 lamellae or whether more weight is taken at 
the MDC as suggested by Douglas et al. (1996) in the horse. Foot balance has also been 
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reported to affect the loading characteristics of the hoof (Chang el al. 1993). This study assumes 
mediolateral foot balance, although there is limited information regarding natural foot balance 
in the donkey. Williams (1993) suggested that the donkey naturally takes more weight on the 
medial aspect of the BB in the hindfoot, however, it is not known whether the same is true for 
the forefoot. 
This study is also based upon the assertion that the hoof wall constitutes the load-bearing 
element of the equine hoof capsule (Nickel 1938a, 1939), but there is debate as to whether the 
sole in the donkey should be load-bearing (Reilly 1997). For example, Whitehead et al. ( 199 1) 
and Fowler (1995) stated that the anterior third of the sole plays an important role in 
weightbearing. Reilly (1997) referred to the present lack of knowledge concerning the extent to 
which the sole bears weight or whether in fact, the sole naturally should be concave and hence 
bear no load. 
The application of FEA to hoof mechanics has been limited. The different modelling techniques 
employed, and the working assumptions made, make direct comparison difficult. Wichtmann el 
al. (1990) and, Hood and Wichtmann (1991) modelled a two-dimensional sagittal section at the 
MDC of the equine foot, loaded via the second phalyanx. This model of the foot consisted of 
only 964 nodes and 457 elements and therefore did not afford modelling detail. 
Compression bending and rotation of the wall were described resulting in dosoconcavity of the 
proximo dorsal aspect of the hoof wall, consistent with the results of this study. However such a 
two-dimensional representation cannot model the effect of compressive forces generated at the 
MDC by heel expansion, nor the tensile forces generated orthogonal to the tubular axis as 
described by Leach (1980) and Thomason et al. (1992). Consistency of dorsoconcavity between 
this present study and Wichtmann et al. (1990) supports the assumption that it is possible to 
model the hoof wall in isolation and still generate accurate 'in vivo' simulation. Comparison of 
displaced shape and stress concentration plots reveal similarity between this study and the work 
of Hinterhoffer 1996, Hinterhofer et al. (1997,2000,2001), McClinchy (2000), McClinchy et 
al. (2001 - Submitted), and Thomason et al. (2002). 
As the gross deformation of the model is consistent with in vivo observations, confidence can 
be expressed in predicted stress and strain distribution within the hoof wall structure. 
The assessment of stress and strain distribution across the dorso-palmar HWD highlighted the 
functional effects of zonal variation in E across the HWD. 
Under conditions of material homogenisity, the modelled sagittal section taken along the plane 
of the MDC revealed that the 
dorsal aspect of the hoof wall was subjected to compressive forces 
which increased progressively in a proximal 
direction from the BB. These compressive forces 
decreased across the dorso-palmar extent of the HWD, with the development of tensile forces 
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towards the inner aspect of the hoof wall in the region of the laminar interface. The greatest 
tensile force was generated in the proximal half of the wall. 
These findings are consistent with the hypothesis of Nickel (1938a) that the equid hoof wall is 
subject to a combination of axial compression and radial tension, and also the theoretical force 
distribution pattern across the HWD stated by Reilly (2001). 
The variation in the predicted pattern of stress and strain distribution across the HWD, in 
response to a progressive dorso-palmar decrease in E, suggests that a situation of variable E 
may be particular functional importance. Material inhomogenisity resulted in stress 
concentration within the outer aspect of the hoof wall, a reduction in the stress and strain 
gradient within the inner region of the hoof wall, and decreased tensile forces at the laminar 
interface. These findings are consistent with a means of affording protecting to the sensitive 
structures of the foot, by focusing stress at a distance from the laminar interface, preventing 
excessive deformation at this site, and achieving smooth stress transfer across the laminar 
interface. 
The macro- and micromechanical modelling of the hoof wall extends the preliminary evaluation 
ofgross hoof wall function, to the consideration of the composite nature of hoof horn structure. 
It is the first study to use this technique to investigate the macro-and micromechanical 
behaviour of the equine hoof wall, at the microscopic level of the design hierarchy, during 
loading. 
Confidence in such modelling techniques should always be tested by comparison of the 
theoretical predictions with results from experimental work. In this respect, it has been 
previously demonstrated that the results from these theoretical techniques are within 1-2% of 
experimental values for synthetic composite materials (Hull 1991). In addition, the theoretical 
outputs obtained by both 'rule of mixtures' and the modified Hull equation closely correspond 
with experimental testing data reported by Douglas el al. (1996) and Kasapi and Gosline (1997) 
for the horse and full HWD data for the donkey generated in Chapter 5 of this thesis. 
Although agreement between results from these models and experimental data does not 
necessarily confirm that hoof horn is a natural composite material, these findings support the 
suggestion that the hoof may operate in a manner similar to a unidirectional fibre composite. 
Whilst the macromechanical value of the ratio of axial to lateral E of -2 may appear to be very 
small in comparison with values encountered for synthetic composites, it is not unexpected as 
both the Tu and IT horn fractions are essentially different structural arrangements of the same 
cellular material. As such the E for the fibres (i. e. the horn tubules) and the matrix (i. e. the IT 
horn) are not likely to be greatly different and consequently the E(f): E(m) ratios are typically 
low when compared with those for synthetic composites; this is typical of many natural 
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composite materials. For example, cortical bone values for E(f): E(m) have been estimated in the 
range from 1: 1 to 10: 1 (Hogan 1992). Although no previously published values exist for donkey 
hoof horn, Kasapi and Gosline (1999) have recently provided experimental data for the horse. 
These authors recorded Tu: IT E ratios of 2.1: 1 and 5.9: 1 for the Z2 and D respectively at 
maximal hydration. 
Although the Tu volume fraction (VF) values may be considered to be relatively low when 
compared to synthetic composite materials, it has been noted that natural composites are 
optimum structures best suited to an organism in its natural environment (Saliba 1991). In this 
respect, the structural organisation of the hoof wall may have been optimised by natural 
processes to achieve a balance between the accommodation of, and resistance to, loading forces. 
In this way the structure would provide dampening of concussive forces without material 
failure. In addition, the MDC site of the hoof wall is subjected to biaxial compression during 
static weightbearing (Leach 1980, Thomason et al. 1992), hence a material that exhibits a 
modest Ex: Ey ratio may be adaptive to ensure adequate resistance to lateral as well as axial 
loading forces. 
Curiskis and Feughelam (1983), reporting data for synthetic composites, stated that the greatest 
rate of change in the value of Ey: Ex, for a given increase in fibre VF, occurred in the VF range 
of 0-25%, Thus, it is possible that the TuVF of the hoof wall may have been optimised to 
achieve the greatest potential modulation of material properties. 
Conversely this functional range leaves the animal susceptible to the effects of pathological 
change in circumstances where pathology affects Tu and/or IT VF levels. Indeed the modest 
'between Laminitic Group' differences recorded within Chapter 4 of this thesis are likely to 
exert a maximal effect upon performance. 
The results of this study demonstrate that the use of FEA applied to models based on the 
experimental morphometric analysis of the donkey hoof wall can predict E values that are 
consistent with experimental results. On this basis, FEA represents a valuable modelling 
technique that can be further employed to the development of an understanding of the structure- 
function relationships at the microscopic level of the design hierarchy of the hoof wall. 
Given that the FEA modelling technique provides results consistent with those from the 
modified Hull equation at the macromechanical level, it is reasonable to expect that the 
theoretical predictions at the micromechanical level will also provide good agreement, This 
assertion is supported 
further by the work of Hull (198 1) and Saliba 0 99 1) who recorded stress 
concentration factors in synthetic composite materials which are similar to those predicted for 
the hoof wall models. For example, using a TuVF of 0.25 taken from the morphometry studies, 
the FEA model produces stress concentration values of -2. 
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Tbe stress concentration factors predicted within the Tu components are significantly affected 
by the presence of the Ma. These voids act as stress concentrators within the structure, during 
loading, and their presence results in the generation of stress normal to the direction of loading. 
The stiffer the Co, the lower the stress concentration at these sites due to the reinforcing effect 
of the Co. This structural arrangement may be necessary to protect the Ma from strain and 
thereby protect the capsule from failure. If the Co had very similar properties to the IT, then 
crack propagation would result in catastrophic failure. The results predicted by the model 
indicate that, at an E(t): E(m) value > 4.0 - 4.5, the strain is transferred from the Tu to the IT, i. e. 
away from the Ma. At this point the IT is taking the majority of the deformation; this may 
represent a means of increasing and preserving the integrity of the structure. This may be of 
particular relevance within D if donkey Tu: IT E ratios for the donkey are similar to the 5.8: 1 
ratio recorded by Kasapi and Gosline (1999) in the horse. This may represent an additional 
mechanism that serves to protect the sensitive structure deep to the hoof wall. 
The pattern of strain gradient predicted may be useful in determining the susceptibility of the 
hoof wall to crack production and diversion. However, it is noted that perfect bonding of the 
material at the TuIT interface has been assumed in the models used in this study. If the 
structural organisation of this boundary is such that a more compliant or viscoelastic interface is 
formed, then the resultant stress concentration would be significantly reduced. The exact nature 
ofthis Turr interface remains has yet to be determined experimentally. 
The relatively high TD evident within ZI of the hoof wall might significantly increase the work 
of fracture. The high number of tubules per unit area may create an obstructed pathway to 
inward crack propagation (Kasapi and Gsline 1997). The TuIT interface may provide an 
effective crack stopping site, with energy absorbed in the separation of the two different 
material phases (Gordon 1976). Conversely it may be argued that localised stress concentrations 
jeopardise the material by reducing the total energy required to cause fracture. Thus the high TD 
observed within ZI may add to the stress concentration within this part of the hoof wall, and 
lead to the controlled elimination of damaged hoof wall, thereby protecting the hoof capsule 
from catastrophic failure. 
The validity of the modelling outcome is dependent on the assumptions made in developing and 
resolving tile model. The predictions from the 'rule of mixtures' calculations are dependent 
upon the E of the respective material phases and their respective VF, whereas the modified 
Hull 
equation relies also on v. In the absence of v for the donkey a representative v 
for equine 
material was selected for this analysis. Further work is required to establish an appropriate v 
value for donkey hoof. 
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FEA, however, is further dependent upon contributions from the geometrical modelling of the 
structure, the selected mesh size, the specified material properties, the defined boundary 
conditions, and the means of loading. 
Specific assumptions have been made with respect to the adoption of the hexagonal array, the 
isotropic nature of the components, linear elasticity, and ignoring the effects of other levels 
within the design hierarchy. 
There appears to be modest morphometric difference between the ZI and Z3 hoof wall models 
at the microscopic level. This would suggests that a considerable difference in the relative 
E(t): E(m) ratio exists between the respective zones. Whilst the E(t): E(m) has been reported for 
Z3 in the horse there is no corresponding data for ZI. Similarly there is no information 
regarding zonal Tu and IT E for the donkey. Kasapi and Gosline (1999) provided theoretical 
estimates of zonal VF and E for the IF and IFAP elements of hoof wall ultrastructure. These 
authors reported marked zonal differences in IF E between Z2 and D. These differences were 
related to corresponding zonal differences in macroscopic E. However, corresponding estimates 
for Z1 were not given. These zonal differences suggest the possibility that material properties at 
the macroscopic level may reflect the combined effect of factors acting at both the microscop) .c 
and ultrastructural level of the design hierarchy in a manner suggested by Bragulla et al. ( 1992), 
Pellmann et al. (1993) and Reilly (1995). 
The FE analysis of performance has been conducted assuming linear elastic properties and 
uniaxial loading. Given the plasticising effect of water within hoof horn material (Collins et al. 
1998, Hopegood 2002), the 'in vivo' moisture levels recorded within donkey hoof hom, and the 
strain rate dependency of E (see Chapter 5) it is likely that hoof wall performance reflects 
viscoelastic material properties. Further work is therefore required to characterise the 
viscoelastic nature of the donkey hoof wall such that future refinement of these models can be 
achieved. 
it has been suggested that during static weightbearing, the MDC site is subjected to bending as 
well as compression. Consequently the effect of bending and compression on the tubules is an 
issue which also needs to be explored. Such an analysis is likely to be difficult. This is because 
the approach used here assumes that the tubules and the matrix both behave as isotropic, 
linearly elastic components, and that their properties are constant across the hoof wall. It may be 
appropriate to consider the tubules as anisotropic components, stiffer in the longitudinal 
direction due to the Co cell alignment and the preferred IF orientation within the Co cells. The 
precise effect of this structural arrangement 
has yet to be fully investigated. In addition further 
work needs to be undertaken to assess the possibility of non-isotropy within the IT. 
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It is also important to note that the hoof capsule has to perform not only under static but also 
under dynamic loading conditions. The precise nature of the forces acting on the structure and 
those generated within it are not fully understood under dynamic loading conditions. It is 
however likely that the hoof wall will be subjected to a complex pattern of multidirectional 
forces. In addition, the material will probably behave in a non-linear fashion when loaded at 
high locomotor speed (Newlyn et al. 1999). All of these factors are likely to further modulate 
hoof wall performance. 
Thc modelled analysis of hoof wall performance at the MDC in response to material properties 
changes associated with the laminitic condition provides a unique and previously unobtainable 
insight as to the potential effects of the condition upon hoof wall function. The use of a constant 
hoof wall model throughout the respective analyses ensured that the predicted results were 
controlled against potential confounding shape effects. Thus the results reflect the effects of 
material property changes only. 
The predicted results indicate that the laminitic condition is likely associated with marked 
changes in hoof wall performance at the MDC site. These changes are characterised by 
increased stress and strain levels both within the outer aspect of the hoof wall, and at the 
laminar interface. Similarly, the laminitic condition was associated with altered stress and strain 
levels at all proximo-distal measurement sites, both at 0 and 100% HWD- 
These potential pathological changes may have important functional consequences for the 
afflicted animal. Firstly, the increases in stress and strain levels within a compromised laminar 
interface, represents a potentially catastrophic scenario, which could threaten the functional 
integrity of the SADP. The material properties of the SADP for the donkey are not known. 
I lowever ultimate strength values have been reported both for the horse (Hallab et al. 199 1, 
Burt ef al. 1997), and for Cattle (Tarlton and Webster 2000a, b, 2002, Tarlton et al. 2002, Maierl 
et al. 2002a, b). Values range from -2.5 to -5MPa. Hood (1999a) stated that the ultimate 
strength of the equine SADP was reduced between 43-60%, as a consequence of the larninitic 
condition, whilst Burt et al. (1997) reported mean ultimate strength values of 1.8 and I. 2MPa 
l'or 'Treatable' and 'Untreatable' laminitic horse respectively. If ultimate strength data for the 
donkey SADP are similar to those reported for the horse and cattle, and a similar reduction in 
ultimate strength occurs in response to laminitis, then predicted Von Mises stress values for the 
inner aspect of the laminitic hoof wall (i. e. -IMPa) approach potentially cntical levels. Indeed, 
modelled stress levels for dynamic weightbearing, i. e. loading forces equivalent to IxBwt 
predict stress levels at -3 MPa (Collins 2003 - Unpublished data). 
Elevated strain levels within the outer region of the hoof wall may also lead to increased 
degradation, and contribute to the anecdotal association of the condition with 'poor' quality 
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hoof hom. Similarly, increased strain levels at the BB would further threaten the structural 
integrity of the white line. This may be an important factor in the processes that result in the 
white line changes typically seen within the lammitic hoof capsule. Finally, elevated stress 
levels in the region of the coronary conurn would potential leave the corium susceptible to 
traumatic damage, which may in turn, adversely affect the normal processes of hoof horn 
formation. 
These collective changes may in part explain the viscous cycle of insult, poor quality horn 
production, lesion formation and functional compromise evident within the laminitic foot, and 
hence contribute directly towards the chronic pain and lameness associated with the laminitic 
condition. 
The functional consequences of the relatively modest differences in Maximum Principle, and 
Von Mises stress at the laminar interface between the two respective laminitic groups (Group I 
levels > Group 2) are not known. However, given a scenario whereby the ultimate strength of' 
the SADP is reduced in response to the laminitic condition, in line with that reported by Hood 
(1999a), then a situation may arise whereby small differences in stress and strain levels could 
have pronounced function consequences. 
It is also important to note that differences in HPA and capsular shape, which were not 
investigated in this modelling exercise, will also affect stress/strain levels within the hoof wall, 
and the relative proportion of axial and bending stress. These issues may be of functional 
significance and are considered below. 
it is appreciated that the performance effects described above will be modulated by inter-animal 
variation in bodyweight, HPA and capsular shape. In this regard, 
bodyweight variation will 
merely affect the absolute values of stress and strain at a given 
location and not the nature of 
their distribution within the hoof wall, The precise effects of differences in HPA are however 
more difficult to assess. Further work is required to establish appropriate rules to 
describe the 
effect of HPA on 
loading patterns within the donkey foot. The effects of variations in capsular 
shape upon force 
distribution within the hoof wall are similarly, poorly defined. First principle 
considerations suggest that 
DHWA will increase the degree of axial compression, whilst 
decreasing the contribution from bending within the capsule. It is therefore expected that 
bending forces within Laminitic Group 1, which is characterised by a relatively low DFIWA, 
will be elevated, with a corresponding reduction 
in axial compression. Hence predicted strain 
levels are likely to represent an under-estimation of actual 'in vivo' levels. This may have 
Important 
biomechanical consequences especially in respect of the comprom, I I ised ammar 
interface. Likewise upright medial and lateral quarter are 
likely to increase axial resistance and 
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decrease lateral heel expansion. This is likely to reduce the degree of bending forces 
experienced by the MDC, and potential limit biaxial force generation at this site. 
The application of Finite Element Analysis to describe the performance of the hoof wall extends 
and complements the range of experimental techniques that have been used formerly to evaluate 
hoof wall function. A better understanding of the function of the hoof as a loadbearing element 
can be obtained by a detailed evaluation of the possible contributions to its overall performance 
from the various components of the material. In this respect FEA provides a vehicle for 
assessing the gross anatomical, macro- and micromechanical performance of the hoof hom 
material, and the effects of pathological change upon performance. 
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7. INTERACTIONS, PROJECT APPRAISAL AND 
CONCLUSIONS, AND DIRECTIONS OF FUTURE WORK 
7.1 INTERACTIONS 
7.1.1 STATISTICAL ANALYSIS 
A statistical analysis of the data generated during this project was conducted to further explore 
the interactions between the quantitative radiographic appearance of the foot (Chapter 3), the 
morphometric characteristics of hoof wall structure (Chapter 4), and its material properties 
(Chapter 5). The aim of this analysis was to test the assertion that degenerative anatomic 
changes within the laminitic foot are associated with changes in the materials characteristics of 
the hoof wall. The analysis of total degenerative anatomical change was restricted to the plane 
of maximum variance (see Chapter 3), that is to PC I and PC2 data only. 
In addition, the relationship between the morpbometric characteristics of structure and the 
material properties of the hoof wall were investigated. In this way, a comprehensive materials 
characterisation was achieved and potential structure-function relationships identified. 
An essential element of such an analytical approach is also to investigate the possibility of 
confounding covariate effects that are not fully controlled within the study design. This is of 
particular relevance with regard to this project. This is because the random nature of euthanased 
cases prevented the establishment of 'matched' pairs within the trial groups. Hence the potential 
effects Of, for example, age and bodyweight were not controlled within the experimental design. 
An initial Pearson product moment correlation analysis was performed at an alpha level of 0.05, 
to interrogate the data matrix to identify potential relationships. The resultant significant 
interactions were further assessed using regression analysis techniques. A series of single, 
multiple, Best Subset and 
Stepwise linear regression models were evaluated at an alpha level of 
0.05, to describe, model and assess these inter-relationships. 
Model evaluation was based upon the R2 (adj. ) statistic associated with each regression model. 
Models were rejected on an arbitrary basis as being inappropriate if they failed to account for 
more than 30% of the observed variation within a stated response, that is at an 
R2 (adj. ) <300%. 
7.1.2 MORPHOMETRIC CHARACTERISTICS OF STRUCTURE 
The correlation matrix for the morphometric parameters of structure is given in Appendix VI. 
Analysis of this data matrix revealed a complex pattern of inter-relationships. 
These included: - 
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0 Significant 'within zone' structural relationships in Zones 1,2 and 3 (P<0.05) 
0 Zonal independence of individual structural parameter 'between zones' (P>0.05) 
0 Zonal relationships between different structural parameters (P<0.05) 
7.1.3 COVARIATE EFFECTS 
7.1.3.1 CORRELATIONS 
There was no relationship between age and bodyweight within the study cohort (P>0.05). 
Similarly there was no relationship between age and the radiographic parameters of the non-nal 
and laminitic foot, nor between age and either the morphometric parameters of structure, or the 
material properties of the hoof wall within the laminitic group. 
However there were significant correlations (P<0.05) between bodyweight and several of these 
parameters as follows: - 
1. In the Normal Group 
Radiographic Parameters 
A significant positive correlation (p<0.05) was evident between bodyweight and PcaScol. 
Significant negative correlations (p<0.05) also occurred between bodyweight and radiographic 
Integument Depth (Parameters A and B). 
2. In the Laminitic Group 
Radiographic Parameters 
Significant positive correlations were present between bodyweight and PcaScol, and dorsal 
hoof wall angle (Parameter S). Conversely significant negative correlations occurred between 
bodyweight and the linear and angular radiographic descriptors DP Displacement (Parameters D 
and D Ratio), Integument Depth (Parameters A, B, and STTM) and Capsular Rotation 
(Parameter Ang H). 
Morphometric Characteristics of Structure 
Significant positive correlations were present between bodyweight and the following linear and 
area 'feature' spec if ic parameters ZI Ma(MA), ZI Ma(MI), ZI Tu(MA), ZI Co(MA), Z2Tu(MA), 
Z2'1'u: Ma(MA) Z3Tu: Ma(MI) and also the 'field' specific parameters ZlMa, Tu, and Co Area 
measurements, and ZI Tu and Co Area Fraction. 
Material Properties 
A significant positive correlation was present between bodyweight and ZI Ec, 
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7.1.3.2 REGRESSION ANALYSIS 
A summary of the modelled associations between bodyweight, and the significant correlates 
which exceeded the critical R2 (adj. ) level are given for the lamInItic group In Table 7.1. 
Table 7.1 Summary of linear regression R2 (adj. ) data exceeding the critical level of 30% 
by modelled parameter. 
Modelled Parameter 
PcaScol ZlTu(MA) ZlCo(MA) ZIMa Area ZITu Area ZlCo Area 
BodVweight 34.2 51.2 44.6 34.7 32.0 30.0 
7.1.3.3 ANALYSIS OF BODYWEIGHT VARIATION By GROUP 
Subsequent analysis of bodyweight variation between groups revealed that the laminitic group 
had a significantly lower bodyweight than the nornial group (P<0.05). Similarly, Laminitic 
Group I had a significantly lower bodyweight than Laminitic Group 2. There was no significant 
difference in bodyweight between the Normal Group and Laminitic Group 2 (P>0.05), however 
the Normal Group had a significantly greater bodyweight than Laminitic Group 1. 
7.1.3.4 CORRECTING FOR BODYWEIGHT EFFECTS 
In order to remove bodyweight effects from the final data analysis, regression models which 
exceeded the critical R' (adj. ) level were recalculated based upon residual data (Res). The 
residual data were established by regressing initially both the predictor, and the response 
parameter, against bodyweight. In this way a 'true' R2 (adj. ) statistic could be established, that 
reflected the degree to which variation in the response parameter, could be explained by 
variation in the predictor parameter. 
7.1.4 RADIOGRAPHIC MORPHOMETRIC AND MATERIAL PROPERTY 
INTERACTIONS 
CORRELATION ANALYSIS 
1. PcaScol 
MorPhome Charaççristics of Stnicture 
Significant positive correlations were present between PcaScol and the following linear and 
area feature' specific parameters ZlMa(MA), 
ZITu(MA), ZlCo(MA), Z31'u: Ma(MI), 
Z3Tu: Ma(MA), and also the 'field' specific parameters ZlMa Area measurement and the 
ZI N4a, Tu and Co Area Fraction data. 
MaLe- J 
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A significant positive correlation was present between PcaScoland ZI Ec, with a trend towards 
a positive correlation between full HWD Ec (P=0.07) 
2. PcaSco2 
Morphometric Characteristics of Structure 
Significant positive correlations were present between PcaSco2 and the following linear and 
area 'feature' specific parameters Z2Ma(MA), Z2Ma(Ml), Z3Tu(MA), Z3Tu(Ml) and also the 
'field' specific parameters Z2Ma, Co and Tu Area measurements, and Z3Tu and Co Area 
measurements. 
Material Properties 
There were no significant correlations (P>0.05) between PcaSco2 data and the respective 
material properties recorded for the laminitic hoof wall. 
7.1.4.2 REGRESSION ANALYSIS 
A summary of the modelled associations that exceeded the critical R' (adi. ) for both PcaScol 
and 2, and their respective significant correlates are presented in Table T2 and Table 7.3. 
Table 7.2 Summary of linear regression R' (adj. ) data exceeding the critical level of 30% 
by modelled parameter for PcaScol. 
I Modelled Parameter 
I ZICo(MA) ZITuAF ZlCoAF Zl Ec 
Pcascol 1 30,0 33.2 30.2 50.4 
Table 7.3 Summary of linear regression R2 (adj. ) data exceeding the critical level of 30% 
by modelled parameter for PcaSco2. 
Modelled Parameter 
Z2Ma(MA) Z2Ma Area Z2Tu A Z3Tu(MA) Z3Tu Area 
PcaSco2 33.0 33.9 30.1 34.1 30.0 
Secondary regression analyses in respect of PcaScol, adjusted for the linear effect of 
bodyweight, revealed an R2 (adj. ) statistic for ZI Ec of 38.8. All other modelled parameters fell 
below the critical level of 30%. 
Best Subset and Stepwise Regression analyses of the morphometric characteristics of structure 
indicated that a two factor model of ZlTuAF and ZITu(MA) represented an optimal condition, 
with an R2 (adj. ) of 60%. With regard to PcaSco2, the optimal condition was achieved, at an R2 
(adj. ) of 48% with a two factor model of ZI Ma(MA) and Z3Tu(MA). 
Further analyses of the association between the morphometric characteristics of structure and 
the key radiographic parameters that contribute to PCI and PC 2 exhibited a complex pattern of 
interactions. 
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Linear regression analyses revealed that different morphometric characteristics of structure gave 
significant associations with the radiographic anatomy of the laminitic foot. However the degree 
to which specific radiographic parameters of the foot were modelled varied considerably. 
Similarly the ability of the different morphometric parameters of hoof wall structure to model a 
given radiographic feature varied considerably. 
The Z1 morphometric parameters exhibited strong modelled associations with Capsular 
Rotation within the laminitic foot (Parameter Ang H and A: B). Conversely, Phalangeal Rotation 
(Ang R and PAxis) and Distal Displacement events (Parameter D, D Ratio, STTM, and B) were 
poorly modelled by the morphometric characteristics of hoof wall structure investigated in this 
study. 
The specific linear regression models exceeding the critical rejection threshold of 30% were: - 
0 Parameter D 
D= 28.6 - 0.305 ZIMa(MA) -R2 (adj. ) = 35.8% 
0 Parameter D Ratio 
DRatio = 0.551 - 0.00534 ZIMa(MA) -R2 (adj. ) =31.1 % 
Parameter Ang H 
Ang H= 50.6 - 0.248 ZITu(MA) -R2 (adj. ) = 30.7% 
Ang H= 36.7 - 123 ZIUAF -R2 (adj. ) = 43.5% 
Ang H= 33.5 - 129 ZlCoAF -R2 (adj. ) =38.0% 
9 Parameter Ang R 
No modelled R2 (adj. ) >30% 
o Parameter STTM 
STTM = 34.1 - 58.2 Z2CoAF -R2 (adj. ) = 30.2% 
0 Parameter A: B 
A: B = 1.32 - 1.10 ZlCoAF -R2 (a '. ) =38.3 % 
A: B = 1.34 - 1.03 ZITuAF -R2 (adj. ) =41.1% 
A: B = 1.39 - 0.00247 ZI Co(Ma) -R2 (adj. ) = 30.6% 
0 Parameter PAxis 
No modelled R2 (adj. ) >30% 
Analyses of the interactions between material properties and the morphometric characteristics of 
hoof wall structure are summarised below: - 
1. Zone I Compressive modulus 
" ZI Ec = 106 + 0.630 ZITu(MA) - R'(adj. ) = 46.4% 
"ZI Ec = 120 + 3.19 ZI Ma(MI) -R2 (adj. ) =33.3 % 
"ZI Ec = 129 + 0.729 ZI Co(MA) -R2 (adj. ) = 45.1 % 
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ZI Ec = 154 + 0.0426 ZI Ma - R' (adj. ) = 31.5% 
ZI Ec = 168 + 0.00514 ZlTu - R' (adj. ) = 36.2% 
ZI Ec = 174 + 0.00530 ZlCo -R2 (adj. ) = 33.3% 
ZI Ec = 164 + 1344 ZI MaAF -R2 (adj. ) = 32.6% 
ZI Ec = 147 + 293 ZlTuAF -R2 (adj. ) = 72.6% 
ZI Ec = 151 + 326 ZlCoAF -R2 (adj. ) = 72.5% 
2. Zone 2 Compressive modulus 
No modelled R2 (adj. ) >30% 
3. Zone 3 Compressive modulus 
No modelled R2 (adj. ) >30% 
Secondary regression analyses in respect of ZI Ec, adjusted for the linear effect of bodyweight, 
revealed the following corrected regression models: - 
ZlEcRes=-5.99+0.621ZITu(MA)Res-R 2 (adj. ) 30.2% 
ZI Ec Res =-6.21 + 0.668 ZICo(MA) Res - R' (adj. ) 30.4% 
ZlEcRes=-5.07+273ZITuAFRes-R 2 (adj. ) = 66.5% 
ZlEcRes=-5.31+306ZICoAFRes-R 2 (adj. ) = 65.4% 
Ali other modelled parameters fell below the critical R2 (adj. ) level of 30%. 
7.1.5 DISCUSSION 
The statistical analysis detailed above highlighted a highly complex and varied picture of 
interactions within the laminitic foot. These interactions indicate that important structure- 
function relationships may be present within the hoof wall, and that degenerative events linked 
with the laminitic condition may be associated with changes in the material characteristics of the 
hoof wall. These changes appeared to be 'event specific', and that different hoof horn 
parameters were affected differently, dependant upon the nature of the radiographic change 
evident within the foot. 
Analysis of the correlation matrix of the morphometric parameters of structure revealed 
numerous associations in both linear and area, 'feature' and 'field' specific structural 
characteristics within the SM of the laminitic donkey. Such correlations suggest that a level of 
control exists in the process of hoof horn formation. However the marked independence of 
given structural features between the respective zones of the donkey hoof wall lends support to 
the hypothesis of a zonal pattern of structural organisation within the donkey SM, and further 
suggest that zonal differences in hoof horn production occur. This structural independence was 
balanced by a variable pattern of significant cross-correlations between the different structural 
features both 'within' and 'between' zones. 
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These correlations may represent 'chance', indirect associations, or conversely they may 
indicate the presence of specific mechanisms that regulate structure in a manner similar to that 
proposed by Reilly (2001). This author suggested that these structural and zonal inter- 
relationships may reflect a means of achieving 'diverse biological control' within tile SM, 
whereby the functional requirements of the hoof wall may be achieved through a number of 
6subtly different mechanisms'. 
The zonal differences in structural cross-correlates might reflect distinct functional differences 
across the HWD, or alternatively, that contributions to hoof wall function, from other levels 
within the design hierarchy, differ between the respective zones. Zonal differences in the pattern 
of structural association were also recorded in the pony by Reilly (2001 ). In this author's four- 
fold zonal division of the pony SM, marked differences in structural correlates were evident 
within the inner region of the SM (Z4) compared to those observed in the other zones (Z 1,2 and 
3). 
The data analyses in this thesis reveal potential relationships which may be of fundamental 
importance in hoof function. Most notable are the significant positive correlations between 
bodyweight and the compressive modulus within ZI, and specific morphometric characteristics 
of structure within this zone. These findings support the assertion of Nickel (1938,1939) that 
the structural organisation evident at the microscopic level of the design hierarchy contributes to 
the material properties of the hoof wall, and that these properties are linked to a supportive role 
in static weighlbearing. These findings are consistent with structure-function correlates reported 
both for the pony (Reilly 2001), and the donkey (Hopegood 2002). In addition, these 
associations indicate that the material perforinance of ZI of the donkey hoof wall can, by first 
approximation, be interpreted in terms of composite material theory. 
The absence of a similar pattern of structure-function associations within Z2 and 3 is not readily 
explained. However the region-specific nature of the associations across the dorso-palmar depth 
of the hoof wall further supports the concept of zonation within the donkey SM. 
This 'zone specific' nature of the associations may suggests that mechanisms responsible for 
static weightbearing is focused within the outer region of the donkey hoof wall, that other 
factors within the design hierarchy predominate within these zones, or that experimental errors 
were more pronounced within these regions of the hoof wall. 
The bodyweight relationships that have been revealed, may be related to the supportive role of 
the hoof horn tissue, with the structural organisation and material properties of the SM directly 
relate to the magnitude of the forces imposed upon the hoof wall during weightbearing. 
The mechanics of static weightbearing within the equid hoof wall is poorly defined, however, 
the positive correlation recorded between ZI Ec and bodyweight would serve to further 
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concentrate stress within this region of the hoof wall in response to increased bodyweight. In 
addition, the resultant level of deformation within the hoof would also be reduced as 
consequence of the increase in Ec. This may represent an important compensatory mechanism 
whereby a state of 'comparable' strain is achieved within the hoof horn material, in face of the 
higher static stress associated with increasing bodyweight. 
These effects would ensure that the structures deep within the hoof are protected from excess 
levels of stress and strain. This may be of importance both in maintaining the functional 
integrity of the SADP, and also in achieving smooth and painless force transfer within the foot. 
Given the complexity of the design hierarchy evident within the hoof, it is not surprising that the 
functionality is achieved by contributions from the different hierarchical levels. Hence simple 
relationships involving single structural features, or indeed a given level of the design hierarchy 
considered in isolation, may not be present. Similar investigations of other biological material 
that display a hierarchical design, for example plant tissue (Niklas 1992, Spatz et al. 1999) and 
bone (Martin and Boardman 1993, Riggs et al. 1993) have revealed that complex multi-variable 
and multi -hierarchical interactions are commonplace within nature. It is possible that factors 
other than those recorded in this study may be important determinants of material properties. 
(For example: at a macroscopic level, by TD, at the microscopic level, by variations in the 
relative development of the different cortical regions, and/or at the ultrastructural level, by 
differences in keratin and lipid proportions and biochemistry). In addition, the mixed tubule 
morphology which characterised Z2 may further complicate the nature of the structure-function 
relationship within this particular zone. In this regard, significant associations between TD and 
bodyweight have been reported both for the pony (Reilly 2001) and the donkey (Hopegood 
2002). Further work incorporating the objective characterisation at both the ultrastructural and 
molecular levels is required in order to provide an all encompassing structure-function model 
for the donkey hoof wall. 
Chapter 4 commented upon the indistinct nature of the cortico-intertubular boundary of the 
Type 3 donkey tubule within Z2 and 3. This was in marked contrast to the distinct boundary of 
the Type I tubule in Z1. Hence it is possible that the measurement error within Z2 and 3 was 
greater than that within ZI. 
Given the statistically significant associations reported above, it is not unreasonable to assume 
that biofeed-back mechanisms operate within the hoof wall to allow control and regulation of 
material properties in response to increased load, in a manner similar to that evident with other 
supportive tissues such as bone and tendon. In this way, the mechanism of hoof horn production 
from the coronary region may be under direct stress and/or strain level control to ensure that the 
morphometric characteristics of structure, and/or the material basis of the hoof horn, are 
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sufficient to accommodate the forces associated with weightbearing. Modelled stress and strain 
distribution within the donkey hoof wall, given in Section 6.9.1, predict maximal surface levels 
for the dorsal aspect of the hoof wall which are focused upon the proximal coronary region. 
This would represent an optimal condition for such a biofeed-back mechanism operating within 
ZI at the MDC. Further work is however required to confirm the hypothesis of feed-back 
regulated hom production within this region of the donkey hoof wall. This could be achieved 
either through 'in vivo' trials involving the stereometric assessment of material obtained from 
weight-matched animals subjected to different levels of mechanical stimuli. Conversely 'ill 
vitro' trials may be possible subjecting dermo-epidermal explants from the coronary region, to 
different levels of mechanical stress. 
The findings of this present study highlighted a different pattern of structure-function 
associations to those reported by Reilly (2001) for the pony. Reilly (2001) reported statistically 
significant positive correlations between bodyweight and structural parameters across the entire 
dorso-palmar depth. Specifically this author reported highly significant correlations, with 
coefficients >0.7 for ZlCo, Z2 Co, Z3Tu, and Z4Ma area measurements. This may indicate 
important 'species specific' differences either in the manner in which the hoof wall 
accommodates forces and/or that difference modes of weightbearing are present. These 
4species-specific' differences may in part account for the difference in structural organisation of 
the SM evident between the donkey and the equine. 
Conversely differences in the pattern of association may have arisen as a consequence of 
laminitic change within the material investigated in this study. Indeed the correlation 
coefficients, which reflect the strength of the modelled association, revealed in this present 
study were consistently lower than the values reported by Reilly (2001). This may indicate that 
the laminitic condition results in the diminution of these associations, or that they become more 
variable. 
The absence of an age related affect in respect of the morphometric characteristics of structure, 
or the material properties of the donkey hoof wall was in marked contrast to the age related 
associations reported for the equine by Schroth (2000) and Reilly (2001), and the excepted 
dogma that cortical size increases with age (Schummer et al. 198 1). The absence of an age effect 
may reflect the fact that the animals used in this present study represented a cohort of fully 
mature equids, whereas the animals investigated by Schroth (2000) and Reilly (2001) included 
individuals at different developmental stages. Commenting upon the effect of age upon hoof 
wall structure Reilly (2001) suggested that bodyweight, more so than age, dictated tubular 
rtiorphometry within the pony SM. Similarly Hopegood (2002) reported limited age dependant 
effects on TD within the donkey hoof wall, and indeed no effect upon material properties of the 
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hoof wall. It is also possible that the absence of age related effects in this present study results is 
an indirect indicator of a laminitic effect. This would be consistent with the findings of Collins 
(1997) in the pony, and Mostafa and EI-Ghoul (1999) in the horse, that the laminitic condition is 
associated with a decrease in Tu and Co Area and Area Fraction. 
The evidence of a laminitic condition effect upon the morphometric characteristics of structure 
was variable. At a macroscopic level absolute values of HWD did not conform to the predictive 
bodyweight algorithm described for the normal donkey by Hopegood (2001). This departure, 
combined with the significant correlation that is evident both between actual HWD and 
PcaScol, and between actual HWD and the respective radiographic parameters Ang H, A, B, 
and A: B suggests that Capsular Rotation within the laminitic foot exerts a direct effect upon 
hoof wall structure. This relationship is consistent with the assertion that this specific rotational 
event results in elongation of the dorso-palmar extent of the coronary corium, which leads to a 
corresponding increase in HWD, commensurate with the degree of rotation. 
The absence of a similar association with regard to parameter Ang R is to be anticipated. This is 
because the non-nal anatomical relationship that exists between the DP and the hoof wall is 
largely unaffected by Phalangeal rotation. Hence the coronary corium is not subjected to 
anatomical dislocation in the same manner to that which occurs in association with Capsular 
rotation events. 
The absence of a relationship between HWD and the specific radiographic parameters which 
assess DP displacement (i. e. Parameter D and D ratio) was, however, surprising. This is because 
dislocation of the coronary corium is to be expected as a consequence of this specific 
degenerative event. This may indicate that a degree of DP displacement may be possible within 
the laminitic foot, before anatomical dislocation of the coronary corium occurs. 
A highly complex pattern of associations were evident between the radiographic anatomy of the 
laminitic foot, and structural characteristics of the hoof wall at the microscopic level of the 
design hierarchy. However the true nature of these relationships was difficult to establish given 
the confounding effect of bodyweight within the trial design. Partial correlation analyses, which 
correct the data in respect of the linear effects of bodyweight, provide a realistic picture of the 
'true' level of association between parameters. These analyses highlighted the presence of 
several significant associations, albeit that the 'strength' of the specific associations were lower 
than those calculated in the initial analysis. These 'corrected' findings lend support to the 
possibility of a direct laminitic effect upon hoof wall structure. 
The data analysis suggests that the laminitic effect upon structure at the microscopic level is 
both 'zone specific' and 'event specific'. 
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With regard to the 'zone specific' nature of the laminitic effect, the 'response' is most 
pronounced within ZI both in terms of the absolute number of significant associations, and also 
in the magnitude of the R' (adj. ) statistic. However the laminitic effect was related to the nature 
of the radiographic changes within the affected foot. In this regard, events associated with 
PcaScol were predominantly marked by significant associations with ZI structure. Conversely, 
events associated with PC2 were characterised by structural associations in Z2 and Z3. 
it was not possible, given the experimental design of this project, to further elucidate the precise 
nature of the zonal and event specific effects, nor to investigate their inter-relationships. This 
would require a complex factorial experimental design, with animals carefully selected on the 
basis of anatomical changes evident in the radiographic anatomy of the foot. 
The precise mechanisms which account for these structural changes are not known. However 
the 'zone specific' nature of the response suggests that either the effect of the larninitic 
condition is more pronounced within the outer region of the coronary corium, or alternatively 
that this region is more susceptible to laminitic effects. The 'event specific' nature of tile 
6response' however indicates that the different degenerative events affect the process of hoof 
horn formation differently. 
The potential functional consequence of these laminitic effects is further highlighted by the 
significant associations which occur both between PcaScol and the ZI Ec, and between the 
structural characteristic of Zland ZI Ec,. The modelled effect that this zonal change in material 
property has upon stress and strain distribution within the hoof wall has been detailed in Section 
6.9.3, and its potential impact upon the functionality of the foot described in Section 6.10. These 
relationships suggest that degenerative events associated with PC I have a pronounced upon ZI 
structure, and that these structural changes adversely affect hoof wall function as a consequence 
of changing the material properties of this zone. Conversely, events associated with PC2 have a 
modest effect within this Z1, and therefore exert a modest effect upon the material property of 
this zone. Hence these events have a minimal effect upon normal hoof function. 
Chapter 3 stated that PCI was characterised by Capsular Rotation and DP Displacement, 
whereas PC2 was associated with Phalangeal rotation within the foot. These differences, 
combined with the changes in hoof wall structure and material property described above, may in 
part explain the empirical observation described in chapter I that the donkey is not tolerant of 
capsular rotation. 
The significant correlations evident between ZI Ec and the morphometric characteristic of 
structure, including Tu and Co AF data indicate that it is possible to interpret the material 
performance of this region of the laminitic hoof wall in terms of composite theory. This may 
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have important implications in terms of developing effective screening programs for the 
detection of potential hoof problems, and monitoring the efficacy of treatment protocols. 
The relationships evident within this zone also offer an insight into possible failure modes 
within the structure. In this regard ZI Ec was correlated with the relative thickness of the horn 
tubule only, and not the spatial distribution of the cortical material. This would suggest that ZI 
horn tubules are potentially susceptible to Local as opposed to Euler buckling effects. This may 
be of particular significance given the association of the laminitic condition with tubule kinking, 
the classical sign of local buckling. This may provide an alternative explanation for the 
occurrence of this feature within laminitic hoof hom. 
In conclusion, this statistical investigation suggests that the structural characteristics and 
material properties at the MDC sampling site of the laminitic donkey hoof wall are, in part, 
related to the anatomy of the laminitic foot, and in particular, to the degree of capsular rotation 
evident within the afflicted foot. These relationships are however restricted, at this sampling 
site, to Z I, and the respective 'strength' of these associations are variable. 
Whilst the association between ZI Ec and the radiographic anatomy of the larninitic foot is 
'strong', the relative 'strength' of the associations between the individual structural parameters, 
and the radiographic anatomy, are relatively 'modest'. This difference in the relative strength of 
the association is however to be anticipated. This is because the material properties of the hoof 
wall are likely to be determined by both the hoof hom material, and the structural organisation 
of this material. Hence disruption to any one of the specific mechanisms that control hoof hom 
production, as a sequela to pathophysiological events within the foot, are likely to result in 
material property changes, irrespective of the specific mechanism which is affected. 
Conversely, individual structural parameters are likely to be under the regulation of specific 
mechanisms of control. Hence changes in a given structural parameter will only occur if the 
specific regulating mechanism is affected by the pathophysiology of the condition. It is 
therefore conceivable, given the varied array of pathophysiology encountered within the 
laminitic foot, that material property changes occur in all cases, whereas changes in a given 
structural parameter are more varied. 
7.2 PROJECT APPRASAL 
The use of morbid hoof capsules offers several advantages over alternative modes of material 
sourcing. The materials characteristics of hoof hom material obtained in this way are minimally 
affected by mechanical and environmental degradation. This is of particular relevance to the 
assessment of larninitic hoof horn, where changes in both structure and material properties are 
likely sequelae of pathology. The physical constraints placed upon the size, and Orientation of 
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test specimens that can be produced are minimal in comparison with other modes of material 
sourcing. This is of particular relevance with regard to the material testing of hoof hom. 
Samples of sufficient size can be produced such that the effects of structure upon the material 
properties of the hoof wall can be investigated. 
Specimen geometry is a limiting factor in the testing of biological materials. Hence the use of 
morbid hoof capsules gives greater flexibility in the range of testing techniques that can be 
employed, and the manner in which these techniques can be applied in relation to the structural 
organisation of the hoof wall. This is importance as effective testing of biological materials is 
dependent upon the simulation of 'in vivo' conditions. These particular issues are discussed in 
detail in Chapter 5. 
The use of morbid hoof capsules provides the unique opportunity to perform morphometric, 
material testing and moisture analyses, on both full HWD and zonal samples that has been 
obtained from concurrent hoof horn material within the same hoof. No other mode of material 
sourcing can do this. 
Obtaining morbid source material that has not been altered pathologically represents a problem 
in the UK, given the high incidence of degenerative foot problems. Hence it is unlikely that 
effective control material can be obtained from UK donkeys, euthanased on medical grounds, 
Hence sourcing morbid material from donkeys living in their natural and environment may be 
the only means of obtaining normal control material. Although this option was not available lor 
this project, this represents a key area for future research. 
The sectioning protocols detailed for the hoof wall represent the first reported methodology for 
the preparation of histology samples from untreated hoof horn material for morphometric 
assessment at the macroscopic and microscopic level. Indeed these techniques have proved 
successful in producing sections from pathologically altered material that is widely recognised 
as being difficult to work with. 
Avoiding the need for fixation and embedding reduces the procedural time in sample 
preparation. It also minimises the risk of artefacts production occurring during section 
preparation. This further increases the likelihood that observed changes in structure are related 
to the prevailing pathology. 
The successful production of untreated samples also favours the future use of 
immunohistochemical techniques. This is because, specimen fixation is known to decreases 
antigenicity (Budras et al. 2002). This is of particular relevance to hoof horn assessment at the 
ultrastructural level, where immunohistochemical techniques are often employed. These 
techniques have been used to conduct keratin characterisation within the hoof e. g. Pellmann et 
al. (1993), Wattle (1998,2000,200 1), Patan (200 1) and K8nig (200 1). This may be of particular 
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significance with regard to the laminitic condition, as changes in keratin expression are 
considered to be pathognomonic (Obel 1948). 
The US offers the opportunity to place hoof hom assessment on a quantitative basis. It affords 
the opportunity to apply more sophisticated stereometric techniques. In particular 'feature' 
specific linear and area measurements can be achieved. This enables a more detailed 
characterisation of structure, and hence can lead to an effective elucidation of the structure- 
function interactions of the hoof. 
Similarly the IAS afforded the opportunity to develop new approaches for the assessment of the 
radiographic anatomy of the donkey foot, and the objective charactenisation of anatomical 
change within the laminitic foot. 
The development of reliable methods for the evaluation of the material properties of both full 
HWD, and zonal lammitic hoof hom samples which give consistent and repeatable data, have 
enabled the further elucidation of the material properties of this pathologically altered material. 
Achieving this objective has enabled the further understanding of the structure-function 
relationships within the donkey hoof wall. 
Finally, the successful application of computer modelling techniques have provided a means of 
investigating hoof wall function at the gross, macroscopic and microscopic level of the design 
hierarchy. In addition, these techniques offer new insights as to the potential functional 
consequences of change in the structural and material properties of the hoof wall associated with 
the laminitic condition. 
The accuracy of any modelled solution is dependant upon the assumptions made in the 
development of the model. Confidence in the model can be taken from the fact that the 
predicted responses at the gross anatomical level are consistent with the recognised pattern of 
'in vivo' hoof wall deformation, and that strain values are of a similar order of magnitude to 
previously reported 'in vivo' values. 
7.3 PROJECT CONCLUSIONS 
It is not possible at this stage to state whether these structural and material property 'response's 
are of a formational origin, resulting from pathological alteration to the normal process of hoof 
horn production. Conversely, they may arise as a consequence of a biofeed-back response to the 
alteration in the normal pattern of weightbearing which is characteristic of the larninitic 
condition. Further studies are required in order to elucidate the precise mechanism responsible 
for these 'responses'. 
Given the unavoidable confounding effect of bodyweight present within this initial screening 
trial, caution must taken in drawing definitive conclusions as to the effects of the laminitic 
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condition upon the hoof wall. There is a need to repeat this study in a controlled manner, using 
weight-matched normal and laminitic animals. In addition the effect of the hydration status of 
the material must be considered before accurate 'in vivo' data can be achieved. This need to 
encompass an assessment of gross moisture levels, an elucidation of how water specifically 
interacts with the material, and an evaluation of the consequences of this interaction in terms of' 
the modulation of material properties. 
In this way, baseline models of the structure-function can be established based upon 
radiographic, morphometric and material property data, against which the effects of the 
laminitic condition can be assessed. If this achieved, it may be possible to derive robust 
predictive models for the condition that are of clinical importance both for the diagnosis of the 
condition, and also for monitoring response to therapy. 
This thesis has highlighted the fact that the donkey must be viewed as a unique equid, and that 
the application of an equine model to the donkey hoof and is inappropriate and unsatisfactory. 
This thesis gives evidence that supports the assertion that the laminitic condition is associated 
with structural and material property changes within the donkey hoof wall. Evidence is also 
presented that suggests that these changes in materials characteristics may affect normal process 
of hoof wall function. In addition, the material characteristics of the donkey hoof wall are 
related both to the nature and extent of the anatomical changes evident within the radiograph of 
the affected foot. 
By further understanding the effect of the laminitic insult on the coronary corium, and the 
subsequent response within the SM it may be possible to break the cycle of insult of poor quality 
horn production, lesion formation and functional compromise to the hoof. In this way, it may 
ultimately be possible to reduce the incidence and severity of lameness. 
Computer modelling of the SM at both the macroscopic and microscopic level may help resolve 
the functional consequences of any formational structural change within the SM associated with 
the factors discussed. Alternatively, computer modelling may provide an insight as to the origin 
of deformational changes within the SM. 
By investigating the effects of laminitis upon the structural organisation of the SM, and by 
developing an understanding of the functional consequences of change, it may be possible to 
design enhanced screening and therapeutic regimes, and enable objective evaluation of their 
effects. Thus further understanding of hoof horn structure-function relationships will bring 
benefits to the welfare and management of the laminitic donkey. 
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7.3.1 ENUMERATED CONCLUSIONS 
The work for thesis has made original contributions to scientific endeavour and to knowledge in 
the following ways: - 
1. Protocols have been established for the collection, preparation, and objective 
assessment of structural and functional characteristics of laminitic donkey hoof horn, 
and methods for the investigation of the structure-function relationships within the 
donkey hoof wall. 
2. New methods have been developed for the preparation of histology sections from this 
pathologically altered and friable material 
3. Multivariate statistical techniques have been employed to characterise the radiographic 
anatomy of the donkey foot, and to assess the nature and the extent of anatomical 
change associated with the laminitic condition. 
4. Baseline data has been obtained for the radiographic anatomy of the normal donkey 
hoof. 
5. Comparison of these data, with that previously reported for the pony and the horse 
suggest that guidelines for diagnostic and prognostic interpretations should be revised 
for the donkey. 
6. Two distinct Larninitic Sub-Groups have been identified, charactensed by differences in 
the nature of the DP dislocation, and also the occurrence of roentogenic changes to the 
DP, evident within digital radiographs. 
7. The morphological and morphometric characteristics of structure have been defined, 
and the zonal characteristics evaluated. A three-fold zonal division is suggested for the 
donkey based upon variation in tubular morphology. This zonation pattern differs from 
that reported for the horse, with regard to the relative dorso-palmar extent of the three 
respective zones. 
8. Irregularities in structure at the microscopic level of the design hierarchy have been 
identified. These structural irregularities have been defined, and their zonal distributions 
within the SM have been detailed. 
9. Significant 'between group' differences were recorded in various linear and area, 
'feature' and 'field' specific structure parameters. 
10. Preliminary investigations, reported in Hopegood et al. (2003a) established that there 
was no significant 'laminitic effect' upon the hydration characteristics of either 
full 
HWD or zonal material. 
1. Material properties of perceived functional importance have been evaluated in response 
to compression, for full HWD and zonal material. The material's resistance to 
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deformation (Ec) and its energy absorbing characteristics have been defined. The strain 
rate dependency of Ec for full HWD samples has been elucidated, and ratio of axial to 
lateral E established. The effect of structure upon material properties has been 
elucidated, by controlling for the modulating effect of moistur. e 
12. Full HWD Ec was strain rate dependent, a three order of magnitude change in strain rate 
resulted in a 29% increase in Ec. The material is characterised by mean axial to lateral 
Ec ratio of 1.5: 1, and a dorso-palmar decrease in zonal Ec across the HWD. Significant 
'between group' differences were recorded in ZI Ec. There was no significant 'betweell 
group' difference in energy absorbing capacity. 
13. Protocols have been developed to enable the application of the computer modelling 
technique of Finite Element Analysis. These included methods for the characterisation 
of hoof wall shape, structure and material properties. In this way the gross anatomical, 
macro and micro-mechanics of the hoof wall have been investigated, structure-function 
relationships have been explored, and hoof wall function has been elucidated. In 
addition, the potential effects of the laminitic condition upon hoof wall function have 
been modelled. 
14. Modelled data indicates a pattern of hoof wall function consistent with 'in vivo, 
observations. The material properties of the hoof wall facilitate the smooth transfer of 
stress across the dorso-palmar HWD. Macromechanical investigations suggest that the 
material properties of the hoof wall can be explained in terms of composite material 
theory. Micromechanical modelling highlighted the effects upon stress and strain 
concentration within the hoof wall, resulting from the organisation of the hoof horn 
material into tubular and intertubular components. 
15. Modelled data suggest that changes in material properties associated with the laminitic 
condition alter the normal pattern of stress and strain distribution with the hoot' wall. 
These changes increase the level of stress and strain acting upon the laminar interface. 
This may contribute to the pain and lameness associated with the chronic laminitic 
condition, and can also explain the variation in lameness evident in clinical presentation 
of the laminitic animal. 
16. These changes, combined with the reported decrease in the ultimate strength of the 
SADP may represent a viscious cycle of degenerative change which the affected foot. 
This may explain the progressive nature of the digital collapse seen within refractory 
exacerbative laminitic cases. 
17. The significant associations evident between specific parameters of the radiographic 
anatomy of the laminitic foot, and the structural characteristics, and material property of 
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the hoof wall, may be of significance regarding condition severity, recovery outcome, 
and differences between reftactory exacerbative and chronic remissive cases. 
18. The modelled effect upon hoof wall function of material property changes, and the 
effects of structure upon material property, and their inter-relationships with the 
radiographic anatomy of the foot may explain the reported associations between DP 
dislocation and recovery outcome. 
7.4 SUMMARY OF FUTURE WORK DIRECTIONS 
A summary of suggested areas of future research is presented below: - 
1. There is a need to build upon the radiographic baseline data for both normal and 
laminitic cases. In this way, unbiased mathematical models for the diagnosis and 
classification of the larninitic condition may be possible. 
2. Further investigation of the inter-relationships between the radiographic anatomy of the 
foot and structure and material properties of the hoof wall are required. Detailed 
knowledge in this area may form a basis for differentiating between chronic remissive 
and refractory exacerbative laminitic cases. 
3. There is a need for controlled and blinded trials to repeat the morphometric 
characterisation of structure within laminitic hoof wall, and compare these data with 
that obtained from weight-matched normal donkeys. 
4. The materials characterisation presented in this thesis needs to be conducted at other 
sites within the hoof wall in order to effectively map the structural and material 
properties of this impor-tant weightbearing structure. 
5. Techniques need to be developed to complete the materials characterisation at other 
levels within the design hierarchy. Only in achieving this, will the structure-function 
relationships that operate within the hoof wall be fully elucidated. 
6. There is a need to obtain baseline data for the material properties of the SADP, and 
investigate the effects of the larninitic condition upon these properties. 
7. There is a need to monitor changes in structure and material properties of the laminitic 
hoof wall over time, and in response to different treatment modalities. 
8. In order to further develop an understanding of hoof wall function, the debilitating 
effects of the laminitic condition, and to improve treatment regimes, there is a need to 
further develop the computer modelling of the hoof wall. Important area of future 
modelling work include: 
- Functional evaluation of the effects of capsular geometry, and the changes in 
shape associated with the laminitic condition. 
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- Development of a model for the equid foot. 
- Dynamic simulation of equid locomotion. 
- Model remedial farriery effects. 
9. Appropriate 'in vivo' methods for assessing hoof function need to be achieved to 
provide effective data for model validation. This will necessitate both kinetic and 
kinematic methods of investigation. 
10. Finally, the effects of degenerative anatomical change within the laminitic foot also 
need to be investigated upon other capsular components, e. g. the white line and sole, in 
a similar multidisciplinary fashion. In this way, other important pathognomonic changes 
associated with the laminitic condition may be revealed. 
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APPENDIXI 
MATERIAL PROPERTIES 
INTRODUCTION 
Knowledge of how materials respond to externally applied forces Is central to developing, and 
testing, theories of structure-function relationships within the hoof. 
When a solid object is subjected to an external force or load, it deforms in accordance with 
Newton's third law of motion in order to oppose the force. The size of the deforination, for a 
given matenal under defined conditions, is dependent upon the magnitude of the applied force 
and the dimensions of the object. 
STRESS 
Stress (a) is defined as a measure of the applied force normalised per unit area upon which the 
force is applied, hence: - 
9 Stress= force/ area 
This definition of stress is more correctly referred to as engineering stress, and represents a first 
approximation of the true stress within the material (ASTM E6- 89). True stress is calculated 
on the basis of cross sectional area at the moment of observation, and hence takes into account 
the deformational response of the sample to the applied load. The reader is referred to Callister 
( 1994) for a comprehensive discussion of these issues. 
The SI unit of Stress is the Pascal (Pa). 
I Pa =I N/m' 
I MPa =I N/mm' or 1 MN/M 2 
PRINCIPLE STRESS 
The principle (normal) stress is defined as the maximum or minimum value of stress 
perpendicular to the plane on which the loading force acts (ASTM E6- 89), with tensile forces 
ascribed a positive value, and compressive forces, a negative value. 
There are three principle stresses on three mutually perpendicular (orthogonal) planes (ASTM E 
6- 89). Hence the state of stress in a sample can be described either as: - 
40 Uniaxual -A state of stress in which two of the principle stresses are zero 
Biaxial -A state of stress in which one of the principle stresses is zero 
Triaxial -A state of stress in which none of the principle stresses are zero 
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STRAIN 
Strain (6) is a measurement of the resultant deformation in the direction of the applied stress 
normalised against the original length of the object, thus: - 
0 Strain = change in length / original length 
Hence strain is a dimensionless (unit-less) parameter expressed either in percentage terms, or as 
a relative fraction of the specimens original length (ASTM E6- 89). 
Strain as defined here is more correctly referred to as engineering strain, and represents a first 
approximation of the true strain within the sample. True stain is calculated as the natural 
logarithm of the ratio of the specimen length at the moment of observation to the original length 
(Callister 1994). 
STRESS-STRAIN INTERACTIONS -A MOLECULAR CONSIDERATION 
The relationship between stress and strain is derived from the character of the forces acting at a 
molecular level within a material (Gordon 1976). fn the unstressed state, an equilibrium position 
exists in which the inter-atomic distances are such that inter-atomic forces are balanced, at their 
lowest energy state. The application of an applied force alters the inter-atomic distances and 
increases the inter-atomic forces, which raises the energy level within the material. 
STRESS-STRAIN RELATIONSHIP 
Figure 1.1 illustrates the theoretical stress-strain relationship of a linear elastic material to failure. 
This plot illustrates the nature of deformation of this material with increasing load. 
The initial part of the stress-strain curve reveals a linear or proportional relationship in which 
strain is directly proportional to the applied stress. Strain within the proportional range of the 
material is non-permanent. Once the loading stress has been removed, the material will return to 
its original equilibrium position. 
This relationship is referred to as Hooke's law of linear elasticity (After R. Hooke 1635-1703). 
The linear relationship of the stress strain plot corresponds to the proportional range of the inter- 
atomic force curve. 
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YOUNG'S MODULUS OF ELASTICITY 
The gradient of the stress-strain plot within the linear or proportional region is defined by the 
constant E (ASTM E 111 - 82), or Young's modulus of elasticity (After R Young 1773-1829). 
Hence: - 
" Stress = modulus of elasticity x Strain 
" c=EC 
This modulus is a measure of a material's rigidity or resistance to deformation (Wainwright et 
al. 1976). In this way, the greater the modulus the smaller is the resultant strain, or deformation, 
at a given stress level. Materials can be considered to be either rigid or pliant (Vogel 1988). 
Rigid materials are characterised by a high modulus and are therefore resistant to deformation 
when loaded. Conversely, pliant materials have a low modulus, and hence deform readily upon 
loading. 
STIFFNESS AND MODULUS OF ELASTICITY - SYNONYMOUS MATERIAL 
PROPERTY TERMS? 
It is important to recognise that modulus of elasticity and stiffness, are not equivalent terms. 
Stiffness (K) is correctly defined as the force per unit extension, and represents the slope of the 
force displacement plot for a material. Whereas, the modulus of elasticity, reflects the stress 
required, to achieve unit strain within a material. 
Stiffness is not independent of the effect of test sample size. Doubling the sample length of a 
given material will reduce the stiffness by 50%, whereas the modulus, because it is normallsed 
both in respect of the cross sectional area and sample length, will remain constant. Hence tile 
modulus of elasticity is independent of sample geometry, and thus represents a defining 
characteristic of a material. 
YIELD STRENGTH / BIOYIELD 
A point is reached, the proportional limit, at which departure from stress-strain linearity occurs 
within the material (Mohsenin 1968, ASTM IS 6- 89). The stress level at this point (ay) defines 
the material's yield strength, (Callister 1994), or bioyield (Vincent 1992), and represents a 
defining characteristic of the material. 
cy represents the greatest stress that a material is capable of sustaining without any deviation 
from proportionality of stress and strain (ASTM E6- 89). 
Bioyield occurs at a strain value of Ey. This reflects the point at which the inter-atomic bonds of 
the material can no longer resist the applied stress (Gordon 1976). Thereafter, pen-nanent non- 
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recoverable inelastic (plastic) deforination occurs within the material (Wainwright et al. 1976, 
ASTM E 111 - 82, ASTM E6- 89). 
FAILURE 
Plastic deformation continues until catastrophic failure of the material occurs. This occurs at a 
stress level of o-F, and represents the ultimate strength of the material. The corresponding strain 
level at failure is defined as CF. 
STRAIN ENERGY, RESILIENCE AND TOUGHNESS 
Deformation results in the generation of strain energy within a material (Gordon 1976). Strain 
energy is determined by the product of the stress applied to the material, and the resultant strain 
generated within the material (Wainwright et al. 1976, Gordon 1976). 
As strain within the proportional range of the material is non-permanent, removal of the loading 
stress results in dissipation or recycling of the accrued strain energy. Hence this is referred to as 
Elastic strain energy. 
Thus the area under the proportional range of the stress-strain plot represents a measure of the 
total elastic strain energy absorbed by the material (Callister 1994), or resilience (Wainwright et 
al. 1976). 
Hence: - 
0 Resilience (elastic strain energy of a linear elastic material to bioyield 
1/2 (Yield Stress x Yield Strain) 
0 Resilience = 1/2 (o-y6y) 
Resilience per unit volume of material is expressed in MJ/m'. 
Once the proportional limit of the material is exceeded non-recoverable, plastic strain energy 
absorption occurs within a material. The area under the stress strain plot to failure, represents 
the total energy absorbed by a material, or toughness (Callistcr 1994), and hence includes both 
elastic, and plastic, strain energy absorption. 
CRACK INITIATION AND PROPAGATION 
A material will fail if it can not readily absorb strain energy (Biewener 1992). High rigidity, or 
modulus, limits inter atomic displacement and hence limits strain energy storage within a 
material. 
The inability to store strain energy results in stress concentration within the atomic bonds that 
immediately surround any defect present within the material (Callister 1994). This stress 
concentration may reach critical levels that exceed the inter-atomic bond strengths. This results 
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in crack initiation and propagation within the material leading to ultimate catastrophic failure 
(Griffith 192 1, Gordon 1976, Vincent 1992). 
Gordon (1976) argued that a lack of material toughness resulted from a low resistance to crack 
propagation. Hence, pliant materials are normally tougher than rigid materials (Wainwright el 
aL 1976, Callister 1994) due to their inherent characteristic of readily deforming in an elastic 
manner, and thereby storing elastic strain energy. 
This is a defining characteristic of most biological materials (Vogel 1988,1998, Vincent 1990, 
1992), and accounts for the ability of these materials both to accommodate and resist imposed 
forces (Vogel 1988). 
COMPOSITE'MATERIALS' 
Biological materials can be classified as composites (Wainwright et al. 1976, Vogel 1988). 
Composites are composed of two or more distinct material phases, and display mechanical 
properties not possessed by its constituent material phases (ASTM D3878 - 95c). Composites 
are inhomogenous at a microscopic level, but can be considered, at a macroscopic level, to be 
homogenous. The constituent phases do not mix, and hence retain their identities within the 
resultant composite, although they act in concert to synergistic effect. 
Many biological materials can be considered as fibre - reinforced composites (Vogel 1988), in 
which a certain volume fraction (relative proportion) of a rigid fibrous material, the dispersed 
phase, is contained within a pliant matrix, or continuous phase. 
In this way, a material is formed which combines the high strength and rigidity of the fibre, with 
the energy absorbing capacity of the matrix. In this regard, the fibre phase serves to reinforce 
the matrix (ASTM D3878 - 95c). 
This synergistic interaction between these distinct material phases produce, s at the macroscopic 
level, a relatively strong yet tough material, which has good crack resistant properties 
(Wainwright et al. 1976). Such materials are ideal in fulfilling a supportive or aggressive 
structural role within nature (Vogel 1988,1998). 
Fibre composites can be further sub-divided, dependent upon fibre orientation (ASTM D3878 - 
95c), into unidirectional and multidirectional fibre composites. In the unidirectional fibrC 
composite, all fibres are aligned in the single direction, whereas in multidirectional fibre 
composites, the fibres are orientated in several directions. 
The elastic behaviour of a unidirectional fibre composite subjected to specific uniaxial loading 
conditions can be approximated by the Voigt and Reuss Estimates (Hull 1981) or "Rule (? f' 
mixtures" (Callister 1994). 
These specific loading conditions are Illustrated In Figure 1.11: - 
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1. Uniaxial loading in the axial (y) direction, parallel to the fibre orientation 
Axial Modulus Ey = EfVf + Em Vm 
Where: 
Ef = Modulus of Elasticity of the fibre phase 
Vf = Volume fraction of the fibre phase 
Ent = Modulus of Elasticity of the matrix phase 
Vm = Volume fraction of the martrix phase 
2. Uniaxial loading in the lateral (x) direction, perpendicular to the fibre orientation 
Horizontal Modulus (Ex)-1 = Vm / Fm + Vf / Ef 
Or 
Ex =- 
EmEf 
Ef(1-Vf)+EmVf 
The presence of voids within composites represents a special case in that the void has zero 
strength and stiffness (Wainwright et al. 1976). Voids also act as stress raisers by concentrating 
stress at their boundary (Gordon 1976). This may lead to 'Griffith Type' crack fracture (Gordon 
1976). The shape of the void affects the nature of the stress concentration (Wainwright et al. 
1976). The more elliptical the void, then the greater is the stress raising factor at the margin of 
the major elliptical axis (Wainwright et al. 1976). 
AXIAL COMPRESSION - BUCKLING 
Wainwright el al. (1976) stated that unidirectional fibre composites subjected to uniaxial 
compressive loading have a tendency to failure due to buckling effects. This arises due to the 
fact that the fibres subjected to an increased axial loading will, at a entical level, bend along 
their longitudinal axis. There are two distinct buckling phenomena. These are: - 
" Euler buckling. 
" Local buckling. 
The type of the buckling response that occurs within a hollow cylinder, or tube, is dependent 
mainly upon the thickness of the walls of the tube (Vogel 1988). 
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Figure 1.11 Diagrammatic representation of axial (A) and lateral (B) loading cases for a 
unidirectional fibre composite. 
A. Uniaxial loading in the axial (y) direction, 
parallel to fibre orientation 
t 
B. Uniaxial loading in the lateral (x) direction, 
perpendicular to fibre orientation 
Key: Arrows indicate direction of applied force relative to the fibre oreientation 
EULER BUCKLING 
Euler buckling involves a smooth continuous bend, or series of bends, that course along the 
entire length of the colurrin. This type of buckling, which ASTM D 6108 - 97 refers to as lateral 
buckling, induces compressive forces on the concave side of the deformed column, whilst 
tensile forces are initiated on the convex surface. Thus it is possible that a column subjected to 
axial compression can suffer tensile failure. Euler buckling is degenerative in nature, and once 
initiated, it will continue to propagate (Vogel 1988). 
The critical load that initiates this type of buckling is dependent upon the column's second 
moment of area (Wainwright et al. 1976), which is often referred to as the initial moment of 
inertia of the cross section (ASTM E6 - 89). 
The second moment of area, (1) accounts for material distribution effects upon column 
deformability, and represents a measure of the column's effective resistance to bending. 
Specifically, I reflects how the distribution of the material within the column affects its response 
to loading. The specific value of I, is determined both by the amount of material, and its spatial 
distribution in relation to the longitudinal, or centroidal axis of the column. It is this axis around 
which the bending moment occurs, and is therefore analogous to the neutral axis described in 
bending theory. 
it is differences in the value of I alone that explain why the ultimate compressive strength of a 
composite, reinforced with large diameter fibres, is greater than that of a composite containing 
an equivalent volume fraction of small diameter fibres (Harris 1980). 
LOCAL BUCKLING 
Local buckling is marked by the presence of a localised failure or 'kink'. This type of buckling, 
which ASTM D 6108 - 97 refers to as, 'microbuckling' is most often encountered in hollow 
tubes. Unlike Euler buckling, it is the thickness of the tube walls per se, and not I, that is the 
critical factor in the initiation this type of buckling event (Wainwright el al. 1976). 
327 
REFERENCES 
ASTM F, 6 89 (1989) Standard Terminology Relating to Methods of Mechanical Testing. American 
Society forTesting and Materials (ASTM), Philadelphia. 
ASTM D3878 95c (1996) StandardTerminology of High-Modulus Reinforcing Fibres and Their 
Composites. American Society forTesting and Materials (ASTM), Philadelphia. 
ASTM FI 11 82 (Reapproved 1998) Standard Test Method for Young's Modulus, Tangent Modulus 
and Chord Modulus. American Society forTesting and Materials (ASTM), Philadelphia. 
ASTM 1) 6108 97 (1998) Standard Test Method for Compressive Properties of Plastic Lumber and 
Shapes. American Society forTesting and Materials (ASTM), Philadelphia. 
III [ýWINFR, A. A. (1992) l3iornechanics - Structures and Systems. A Practical Approach. IRL Press, 
Oxf'ord I Iniversity Press, Oxford. pp 286. 
CALLISTE'R, W. D. Jr. (1994) Materials Science and Engineering: An Introduction. 3rd Edn., J. Wiley & 
Sons Inc., New York. pp 811. 
60RDON, J-F, (I 979)The New Science of Strong Materials or Why You Don't Fall Through the Floor? 
Penguin Books Ltd., Middlesex. pp 269. 
OW111*11 1, A. A. (192 I)The phenomena of rupture and flow in solids. Phil. Trans. Roy. Soc. A221,163- 
198. 
IIA RR IS, 11. (I 980)Thc mechanical behaviour of composite materials. In: The Mechanical Properties of 
Biological Materials, Symposia ofthe Society for Experimental Biology, Symposium XXXIV. Ed: J. F. V. 
VINCENTand J. D. CURRElY, Society for Experimental Biology, Cambridge University Press, 
Cambridge. pp 37-74. 
1 It 11,1). ( 1981) An introduction to composite materials. Cambridge University Press, London. pp 246. 
M01 ISFNIN, N. N. ( 1969) Physical properties of plant and animal materials. Vol 1: Structure, Physical 
Characteristics and Mechanical properties. Gordon and Breach Science Publishers, London. pp 730. 
VINCF. NT, J. F. V. (1990) Structural Biornaterials. Revised Edn., Princeton University Press, New Jersey. 
1)1)244. 
VIN('I-'. N'I', J. F. V. (1992) Biotnechanics - Materials. A Practical Approach. IRLPress, 
Oxford 
I Iniversity Press, Oxford. pp 247. 
V()(, I; , L, S. (1988) 1. ýIý's Deviccs. - the PhYsical World ofAnimal and 
Plants. Princeton University Press, 
NcwJersey. pp 307. 
V06FE, S. (1998) Cins'Paw and Calapulls: Mechanical Worlds ofNature and People. Penguin Books 
Ltd., London. pp 375. 
WAINWRIGI IT, S. A., BIGGS, W. D., CURREY, J. D. AND GOSLINE, J. M. (1976) Mechanical Design 
in 01-ganisins. I-Award Arnold, London. PP 423. 
328 
APPENDIX 11 
CLASSIFICATION OF THE LAMINITIC CONDITION -A 
CRITICAL RIEVIEW 
An effective and fully comprehensive mode of classification for the laminitic condition is yet to 
be achieved. Classification of the larninitic condition has been variable based upon aetiological 
factors, clinical or radiographic presentation, and/or treatment and recovery outcome. Table 1.4 
summarised the various classification systems that have been applied to the laminitic condition. 
This review highlights the advantages and disadvantages of the respective classification 
systems, both with regards to the horse and the donkey. 
Dietz (1977) proposed a classification system based upon the aetiological factor inducing 
laminitis. This approach has been criticised due to the fact that the different aetiologic factors 
results in a 'common digital pathology' (Coffman and Garner 1972, Colles and Jeffcott 1977). 
in addition, this approach does not consider the severity of the condition, nor the likely 
prognosis. Recent research by Budras and Huskamp (1999) has however reported distinct 
differences in attendant digital pathology in larninitis of systemic and traumatic origin. 
Obel (1948) proposed a classification system based upon the subjective grading of 'degree of' 
lameness'. This classification approach, although selectively modified by various researchers 
including Hood (1997a), Pollitt and Daradka (1998) and Pollitt (2001), has provided the 
mainstay for the clinical assessment of the laminitic equid. 
Obel (1948) suggested that lameness scoring could serve as a reliable propostic indicator, 
Indeed Hunt (1993) reported a positive association between lameness grade and recovery in a 
retrospective case study of 202 larninitic equids. 
Several authors including Stick et al. (1982) have however, expressed concerns regarding the 
value of lameness grading per se as an effective basis for classification. These authors argued 
that variations in the clinical presentation of lameness are also likely to reflect differences in 
individual stoicism, disease duration, concomitant systemic and digital pathologies, and/or 
therapeutic intervention. These issues question the effectiveness of a classification system based 
solely upon the lameness grade of the presented animal. 
The specific issue of stoicism may be of particular relevance with regard to the donkey. Given 
the pharmacological evidence, reported by Mathews el al. (1997) and Mathews (2000,2002), as 
to this species' stoical response to pain. Thus the adoption of a classification system based only 
upon overt signs of pain may be unwarranted in the donkey. 
in light of the comments raised Stick et al. (1982), several researchers have variably used the 
occurrence and/or nature of digital collapse within the foot as a more appropriate basis for 
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classification. I lowever, inconsistent use of the terms 'acute' and 'chronic', and 'founder' and 
'sinkcr' have caused confusion and limited progress in this area. 
Dietz (1977), Hood and Stevens (1981) and Marks (1984) distinguished between two forms of 
the laminitic condition based upon whether DP dislocation had occurred within the foot. These 
were referred to respectively as, the acute and chronic phases of the condition. In this regard, 
DP dislocation was considered as pathognomonic of the chronic phase of the condition, with the 
onset of dislocation marking progression from the acute phase into the chronic phase. 
Progression into the chronic phase was considered to be particular significance as this event 
results in irreversible anatomical change within the foot (Hood 1984). 
However Colics and Jeffcott (1977) and Baxter (1992a, b) used these term to indicate the 
duration of the laininitic condition. According to this principle, 'acute' refers to a short standing 
condition, whilst chronic indicates a condition of long standing. There are however, inherent 
difficulties in establishing an accurate time line for the condition. This is dependent upon the 
prompt presentation, and effective diagnosis, of the affected animal. This is not always the case, 
even within domesticated herds of equids (Hood 1998 - Pers Com-). Owners are often reluctant 
to present an animal with low-grade lameness, and presentation may be delayed until severe 
signs of pain are evident. Thus the true time line for the condition can often only be speculated. 
These problems are further compounded by the propensity for the afflicted animal to experience 
recurrent bouts oflammitis. Hence it is possible to find in the animal presented for the first time, 
extensive degenerative damage within the foot which is consistent with a laminitic condition of 
long standing. Despite these facts, the terms acute and chronic have been widely employed, 
adding to the confusion surrounding classification of the laminitic animal. For example, Eustace 
( 1991 ) distinguished between 'acute founder' and 'chronic founder' groups dependent upon the 
duration of the condition. Whereas Yelle (1986), stated that DP dislocation occurred during the 
11CLItC phase of' the condition, and is stabilised during the chronic phase. The use of the terrn 
'acute founder' (F. 'ustace 1991 ) and also, the linkage of DP dislocation to the acute phase of the 
condition (Yelle 1986), are both diametrically opposed to the rational advocated by Dietz 
(1977), Marks (1984) and Flood (1984). This is because Dietz (1977), Marks (1984) and Hood 
(1984) considered D11 dislocation to be pathognomonic of the chronic phase of the condition, 
and that the dislocation event marks the division between the respective acute and chronic 
phases. 
The terms 'acute' and 'chronic' have also been to used to differentiate laminitic animals based 
upon the severity ofthe condition, as judged by the level of pain. In this regard, acute is used to 
define severe digital pain, whilst chronic denotes low-grade pain. 
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The level of pain evident within the afflicted animal is however likely to determined by 
individual stoicism, inflammatory response, pharmacological intervention and therapeutic 
treatments. Hence this represents an inappropriate basis for classification. The importance of 
assessing the severity of the laminitic condition can not however be overlooked. These issues 
are covered in Section 1.11.4. 
Hood and Stevens (198 1) recommended the adoption of proposed a 4-fold classification system 
based upon that devised by Nilsson (1963) for the assessment of bovine laminitis. This system, 
subsequently refined by Hood (1997a) related the specific pathophysiologic and degenerative 
events that may occur within the foot, to the time line of the laminitic condition. Laminitic 
animals were classified into one of 4 mutually exclusive categories, each representing a distinct 
phase in the progression of the laminitic condition. Classification was based upon the clinical 
signs of laminitis, the incidence of digital collapse, and the duration of the condition. The terms 
acute and chronic were used in accordance with Dietz (1977). In addition, animals were 
classified as developmental within the initial 48 hours of the condition, and sub acute if the 
condition had lasted more than 72 hours without DP dislocation having occurred. 
The nature of DP dislocation event has itself been used to classify laminitic cases. Historically 
, founder' and 'sinker' were used to differentiate between DP rotation and DP displacement 
respectively (Butler et al. 1998). Particular emphasis has been placed upon the nature of the D13 
dislocation event due to guarded prognosis associated with distal displacement in the horse that 
was reported by Baxter (1985). However empirical evidence suggests this guarded prognosis is 
unwarranted for the donkey (Eley 2003 - Pers Com. ). 
This two-fold categorisation, which Hood et al. (I 993a) referred to as Type I and 11 dislocation, 
however represents an over simplification as rotational and DP displacement events may occur 
concurrently within the foot (Baxter 1992b). 
The inconsistent and ad hoc use of 'founder' and 'sinker' within the literature causes further 
confusion. For example, Chandra el al. (1982), Linford (1990,1996), and Pollitt (1995) have 
variable used either 'founder' or 'sinker' as synonymous generic terms for the laminitic 
condition when they are not. This situation has been compounded by the work of Eustace (199 1, 
1992,1995), and Cripps and Eustace (1999a, b). These authors refer to absolute linear 
measurement of DP displacement within the hoof capsule as 'founder distance'. This is in spite 
of the fact that these authors specifically differentiate between 'founder' and 'sinker' cases in 
accordance with the definition given by Butler et al. (1998). 
The confusion surrounding the 'founder' and 'sinker' terms question both the merits, and 
desirability, for their continued usage as a basis for classifying DP dislocation events. 
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Baxter (1992a, b), Eustace (1992), Moore and Allen (1995), and Cripps and Eustace (1999a) 
have variably expanded upon the 2-fold 'founder'/ 'sinker' classification in order to provide a 
more complete system for classification. These systems reflect both the occurrence and the 
nature of' DP dislocation within the foot. In addition, these systems directly link these events 
either to Obel lameness grades (Moore and Allen 1995), or to the clinical presentation of the 
afflicted animal (Eustace 1992, Cripps and Eustace 1999a, b). 
I lood el al. (I 993a, b) argued that it was important to consider the functional significance of the 
digital collapse. These authors stated that a full recovery, and a 'return to former athletic 
potential', was only possible so long as mechanical failure of the SADP had not occurred. This 
is because, the permanent anatomical changes that occurs within the foot following failure of 
the SADII, prevent the restoration of non-nal biornechanical function. 
I lood el al. ( 1993 a, b) stated that the degree to which former performance could be restored, was 
related to the extent of the mechanical failure within the SADP. This suggests that important 
links may exist between the extent of pathological change evident within the foot, and the 
degree ol'biomechanical impairment. 
Eustace (1993) recognised two distinct chronic founder sub-groups based upon differences in 
response to therapy, which he referred to respectively as Type I 'rehabilatory' and Type 11 
'refractory'. The degree of degenerative change within these sub-groups differed, with marked 
anatomical change, and sigificant roentgenic change to the DP noted within the Type 11 sub- 
group. Coffman et al. (1972) and Linford (1990) similarly recognised distinct reftactory, 
exacerbate lammitics (REL) or chronic remissive laminitics (CRL) subgroups, which they 
stated, dit'I'cred in their respective 'likely return to former athletic performance'. Several 
researchers including Kameya (1973) and Stick et al. (1982) have attempted to objectively 
measure the nature and extent of DP dislocation associated with an ordinal scale of 'degree of 
return to former performance levels'. These issues are discussed within Chapter 3 of this thesis. 
More recently, Ilood (1997a, b, 1999) suggested an alternative two-way classification approach 
that takes into account both lameness severity and the change in the degree of lameness over 
time. In this classification system, an animal may be classified as either 'compensated' if it is 
iiot significantly lame, or 'uncompensated', if significantly lame. In addition, the animal may be 
considered as being either 'static' or 'progressive' dependent on whether the degree of 
lameness evident in the affected animal increases over time. 
In conclusion, the search for an effective classification represents a key priority in laminitic 
rcscarch, if improvements in the management of the affected animal are to be achieved, and the 
welfare ofthe laminitic animal improved. 
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To achieve this end, appropriate diagnostic and prognostic criteria must be considered 
collectively. Whilst anatomic and/or pathologic alterations within the foot must form the basis 
for classification, the biomechanical consequences of these alterations must also be considered. 
Assessment of impaired biomechanical function by indirect methods alone is of questionable 
value. The degree of functional compromise evident within the foot is likely to be deten-nined 
by the nature, and extent of the DP dislocation, and also, the attendant digital pathologies that 
arise as a consequence of digital collapse. 
An effective classification system for the laminitic condition requires standardised terminology, 
The terminology adopted must then be consistently used in related research. Definitions must be 
unambiguous, and limit the possibility for confusion within the wider community. Thus 
colloquialism must be avoided. It is only through achieving these aims that progress can be 
made in improved management and welfare, to the ultimate benefit of the equid. 
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APPENDIX III 
MULTIVARIATE STATISTICAL ANALYSIS 
PRINCIPLE COMPONENT ANALYSIS WCA) 
This is a powerful variable-directed statistical analysis technique (Donev 2000) that is based 
upon the combined effect of all measured variables (i. e. multivariate). It is in this respect that 
this technique differs from traditional univariate statistical approaches. The analysis creates new 
orthogonal axes or principle components (PCs) according to maximum variance criterion, which 
maximise the variance within the data set. In this way, each successive PC is an orthogonal 
linear combination of the original variables such that it covers the maximum variance not 
accounted for by the previous PC (Donev 2000, Deene 2000). Hence the variance explained by 
PCI>PC2> .... PCn. 
The technique calculates the percentage of the total captured variance within the data set that is 
accounted for by each respective PC, and provides a statistical measure of importance (eigen- 
value) for each PC. 
The relative contribution or loading (PcaLoa) of each variable in respect of each principle 
component (PC) is also expressed. In addition, PCA generates a value or score (PcaSco) for 
each animal in respect of each PC. In this way the technique facilitates readily the graphical 
representation of the data in respect of all measured variables (Deene 2000). 
GRAPHICAL REPRESENTATION OF THE ANALYSIS 
The Eigenvalue profile plot or Scree plot provides a valuable means of determining the number 
of significant PCs. This plots the calculated Eigenvalue against each respective PC, i. e. PC I, 
PC2 ... PCn. 
The points are connected thereby forming a decreasing curve. The presence of any 
pivot point, combined with the absolute Eigenvalue and the amount of explained variance are 
used to arrive at a reasoned number of significant components for the analysis. 
The scatter plot of the variable loadings (PcaLoa) onto the corresponding PCs (loading plot) 
provide a means of exploring the effect of each variable in respect of the stated PCs. In this 
regard, the loadings can be considered to be vectorial in nature (Eigenvectors). Hence by 
connecting the variable loading co-ordinates to the scatter plot origin, the magnitude and the 
direction of influence of each variable can be elucidated. The respective lengths of the loading 
vectors approximates to the standard deviation of the corresponding variable. The angle 
between loading vectors is proportional to the 'between variable' correlation. 
in a similar fashion, scatter plots of the PeaSco onto the corresponding PCs (score plots) can be 
used to examine the between object inter-relationships. The distances between object points on a 
given score plot, for example PcaScol Vs PcaSco2 gives a measure of their dissimilarity in 
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respect of those PCs. That is, the greater the distance between objects, the more dissimilar they 
are with respect to each other. 
Combining the score plot and the loading plot for a given combination of PCs indicates which 
variables are responsible for the separation of the objects in the data-set, and also the relative 
importance of those particular variables. 
The position of an object is therefore determined by the 'weighted average' of all variables 
(Donev 2000). It is important to note however, that two objects in a similar location in the 
scatter plot do not necessarily express similar values in all measured variables. 
CLUSTER ANALYSIS 
Cluster analysis is a type of object-directed analysis that is concerned primarily with the 
relationships between objects based upon multivariate observations (Deene 2001). It focuses 
upon how similar or dissimilar objects are to each other. This method allows a sample of objects 
to be divided into clusters (classes or groups) so that the objects that are similar are grouped 
together. A simple approach to identifying clusters is through the examination of PcaSco score 
plots in respect of the major principle components, and thereby visually identify clusters or 
groups. 
The success of this approach will however intuitively depend upon the proportion of variance 
captured by those principle components that are selected for the analysis. Whilst this approach 
may be questioned on the basis of its subjective nature, Deene (2001) commented on its 
effectiveness due to the natural human ability to discern underlying patterns. Nevertheless such 
a subjective approach remains open to observer bias in its interpretation. In addition, it is 
difficult to establish the precise position of the cluster boundaries, especially if the clusters are 
not well separated (Deene 2001 - Pers Com. ). In this regard there are a number of different 
multivariate techniques that use numerical algorithms to perform the cluster analysis. These 
algorithms are defined so as to cluster n objects each with measurements on p variables. One 
such technique is Hierarchical Cluster Analysis. 
HIERARCHICAL CLUSTER ANALYSIS 
Ificrarchical techniques start by calculating the distances of each object to all other objects. 
Clusters may be formed either by agglomeration or division. Agglomerative clustering begins 
with all objects viewed as separate objects, each forming its own cluster. In the first step, the 
two objects which are closest are joined together to form a new cluster. In the next 
agglomerative step, either a third object is added to this cluster or two other objects join to 
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produce a new cluster. In this way, each iterative step results in one less cluster. The process 
continues until all the objects are combined into one cluster. 
RFGULARISED DISCRIMINATIVE ANALYSIS (RDA) 
This analysis technique enables the recognition and prediction potential of proposed 
classification systems to be investigated theoretically. The technique models each group or class 
mathematically based upon the class centroid and the associated covariance matrix. This 
involves a two-stage approach. 
Firstly, the analysis calculates an optimum mathematical model to describe the proposed 
groupings. In this way, classification rules and class boundaries are established, in addition to a 
critical 'no model' error and risk statistic. The 'no model' error statistic is a measure of the 
goodness of class recognition, whilst the no model risk is a measure of the predictive 
capabilities of the model. The validity of the model can be assessed by direct comparison of the 
resultant error and risk statistics with the associated no model statistics. The minimum 
requirement being that both statistics out-perform the 'no model' values. 
In the second stage of the analysis, a mis-classification exercise is conducted, based upon the 
optimum model, in order to both test how well objects of known class are classified, and to test 
how well objects of unknown class will be predicted. In the first instance, objects are assigned 
to classes based upon the derived classification rules. In the second instance, a cross-validation 
class assignment analysis is performed in an iterative manner. In this way, assignment plots are 
generated of 'true' and 'assigned' classes. 
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APPENDIXIV 
COMPUTER BASED IMAGE ANALYSIS, SYSTEM 
REQUIREMENTS AND DESIGN THEORY 
OVERVIEW 
The fundamental working premise of computer based image analysis is the conversion of 
optical images into an electronic form, so that all procedures in the analysis process can be 
conducted through a computer interface. The sequential series of image analysis processes 
involved in a morphometric assessment are summarised in Figure IVI 
Figure IV-1 Image analysis flowchart. 
Image Acquisition 
Grey Scale Image 
I 
Pre-processing 
Enhanced Grey Scale Image 
Discrimination 
Density Slicing 
Segmentation 
Objects 
Measurement 
Data 
I 
Morphometric Analysis 
I 
Functional Interpretation 
Image Processing 
Image Editing 
Feature Selection 
Statistical Analysis 
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SYSTEM REQUIREMENTS 
The basic hardware requirements include: - 
" Imaging device to convert optical image into analogue electrical form 
" Digitizing device to convert analogue image to digital form 
" Memory unit to store image during processing 
" Processor to manipulate the image 
" Display generator to extract the processed image 
" Display device to view the processed image 
The basic software requirements are: - 
" Programme capable of image enhancement, processing, discrimination and segmentation 
and measurement operations 
" Flexibility to enable the automation of routine or customised procedures via 'macro' 
programming 
The quality of the original optical image significantly affects all image analysis procedures, and 
ultimately determines the operational performance of the analysis system. Issues of optical 
quality and illumination are critical factors. Therefore a central issue in the design of any image 
analysis system is the means by which the optical image is produced. 
DESIGN THEORY 
The acquisition of the optical image is achieved via a solid state sensor chip or charge coupled 
device (CCD) contained within the video camera. Each chip is divided into an array of 
individual 'pixel' (picture elements) sensors that operate as discrete photon detectors. Each 
sensor receives illumination from the corresponding section of the original optical image. The 
resultant voltage produced by each sensor is directly proportional to the light intensity 
emanating from that pixel section of the image. Through the use of three such sensor chips 
(3CCD), each specific to the red (R), green (G) and blue (B) light respectively, 'pseudo-colour' 
(RG13) imaging is possible. 
The resultant signal read out from each line of detectors produces an analogue voltage, which 
corresponds to the brightness at different points of the CCD. In greyscale imaging, each 
horizontal line of detectors is read out sequentially. The vertical timing clock selects each line of 
detectors in turn, then the horizontal clock shifts along each detector. The complete scan is 
normally composed of 480 scan lines per image, divided into 2 interlaced raster scans each 
containing 1/2 of the image information separated by 1/50th second. 
In order for the image to be processed by the computer, the analogue signal must be transformed 
into a digital format (digitization). This involves the sequential sampling of the signal along 
342 
each scan line. Each sampling point is converted into a numerical value that corresponds to the 
average brightness of that sampling site. This value is retained within memory store and the 
next site is sampled to give a sequential series of brightness values along each scan line. Thus 
the entire image is converted into an array of pixels, each with a discrete numerical value. From 
this, each pixel may be allocated a discrete brightness value or grey-scale level. By adjusting for 
the 'interlace' the image may be reconstructed by the computer and displayed by tile monitor as 
a pixel array. 
The ability to discriminate between objects in the resultant image is determined by the resolving 
power of the system. In grey-scale imaging this is governed by the number of grey-scale levels 
available, the lateral/spatial pixel resolution (the number of sampling sites along each scan lines) 
and the precision of pixel measurement. These factors are largely controlled by the working 
specifications of the 'analogue to digital converter' (ADC) or 'frame grabber'. 
The number of grey-scale levels is dependent on the amount of memory allocated for its storage. 
The number of levels = 2" -I values, where n= number of bits of memory allocated to each 
pixel. Hence an 8 bit ADC permits 0-256 discrete levels of grey (256 greyscale). 
The accuracy of object discrimination is greatly influenced by the boundary conditions. Pixels 
that straddle the boundary between two regions of different brightness will exhibit an 
intermediate grey level. The value is clearly related to how the pixel lies with respect to the 
boundary. It therefore follows that in order to achieve accurate and effective boundary 
definition; pixels must be relatively small (i. e. high spatial resolution) and the number of grey 
values, large. 
In order to achieve an accurate representation of the original image without linear distortion it is 
essential to have square pixels. Square pixels are also desirable to achieve accurate 
measurements. This can only be achieved with a high precision acquisition clock. Furthermore 
as the standard video image is not square, possessing a width to height ratio of 4: 3, only those 
ADC devices with a similar array configuration are capable of acquiring the complete field of 
view and yet maintain vital square pixel representation. 
Achieving the desired level of high spatial / lateral pixel resolution and greyscale resolution 
necessary for effective imaging generates computer image files of considerable size, and this 
requires large memory storage space. It follows that subsequent image processing places 
significant demands on memory availability, computer processor speed and the interactive 
nature of the interface. 
The quality of image displayed to the observer is central to subsequent image analysis. The 
number of scan lines in the raster ultimately limits image resolution. Hence the vertical 
resolution of the monitor is the major determinant of image quality. 
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SYSTEM DESIGN 
The important system design considerations can be summarised as follows: - 
" The quality of the optics involved in the generation of the optical image 
" Number and size of CCD sensors - Mono and / or 'Pseudo colour' imaging 
" Number of pixel sensors in the CCD 
" The number and ratio of scan lines in the ADC 
" Lateral and grey scale resolution of the ADC 
" Accuracy of the acquisition clock 
" Memory allocation and computing speed of the computer 
" Capabilities of the software program 
" Number of vertical scan lines in the monitor raster scan 
In light of these key considerations the following system components were integrated to 
produce a high quality IAS capable of facilitating large-scale quantification. A diagrammatic 
representation of the imaging system is given in Figure IV. 11 and is illustrated in Figure IVJIL 
Central to the system is the Olympus '13' series microscope. The high quality optics provides 
excellent image resolution for transmission light microscopy. The NIH-Image analysis software 
program was selected for image processing. This public domain share program produced by the 
National Institute of Health (Maryland USA) represents an industry standard. It provides the 
opportunity for both 8 bit (256 greyscale scale) and RGB 'Pseudo-colour' image acquisition. 
The program supports basic image-processing functions and allows customisation of processing 
functions to reduce procedural times. Standardised Image processing 'macros' can be designed 
to achieve consistent 'between sample' image manipulation, and thereby minimise observer 
error. 
UPGRADING THE IMAGE ANALYSIS SYSTEM 
Recent technological advances in image analysis have enabled continued enhancement of the 
IAS. This has included both hardware and software upgrades. The advent of 
IEEE 'Pirewire' technology has enabled direct acquisition of digital images. This negates the 
need for ADC, and has created the opportunity for increased levels of data transfer. 
Improvements in CCD technology have made it possible for digital imaging to take advantage 
ofthese increased levels of data transference. 
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As a consequence, it is now possible to obtain digital images of 4.5 million pixels. The spatial 
resolution of these images approaches that which can be obtained using traditional, silver halide 
photographic methods. 
Advances in computer processing power, memory storage capabilities, and levels of random 
access memory (RAM) have afforded greater sophistication in image processing and analysis 
techniques. This has resulted in the emergence of a new generation of image analysis software 
that surpasses the NfH standard. Proprietary algorithms have been developed which enable 2- 
dimmensional image tiling, in the horizontal plane, to be performed in real time, and also, real 
time image summation (montaging) in the vertical plane. This further enhances image quality, 
and leads to improvements in image discrimination capabilities. 
The IAS was upgraded in line with these technical advances, with the acquisition of a digital 
3CCD camera, and new generation image analysis software. 
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APPENDIX V 
SUMMARY OVERVIEW OF THE HYDRATION 
CHARACTERISTICS OF LAMINITIC DONKEY HOOF HORN 
Data presented in this appendix was derived from concurrent hydration studies performed on 
material obtained from the trial donkey population (Collins 2003 - Unpublished data). 
Table V. 1 Zonal percentage Moisture Content and Moisture Regain data at 'in vivo' 
Hydration levels for laminitic donkey hoof horn 
Zone Moisture Co tent(%) Moisture Regain (gH201100 gDM) 
Median IQ Range Min - Max Median IQ Range Min - Max - HWD 33.4 31.8-34.3 29.3-36.3 50.2 46.6 - 52.6 ' 41.4- 57.0 
zonel 22.3 21.0-23.8 16.7-25.5 28.7 26.6-31.2 20.0-34.2 
Zon-e 2 29.7 27.8-30.6 19.7-34.5 42.1 38.4-44 1 24.5- 52.7 
40.4-70.8 
Table V. 11 Zonal Percentage Moisture Content and Moisture Regain values at Maximal 
Hydration levels in laminitic donkey hoof horn 
Zone Percentag e Moisture Co tent (%) Moisture Regain (gH20/1 0091)M) 
Median IQ Range Min - Max Median IQ Range Min - Max 
HWD 35.1 33.9-36.1 31.6-36.7 54.1 51.3-56.5 41.4--57.0 
Zone 1 26.5 28.5-25.3 23.8-31.1 36.1 39.8-33.8 31.2--45.1 
Zone 2 32.6 34 1- 30 1 -- 38 2 2 8 8 3 . 7" - 511. 43. l 3319. 2- 611-. 7 
Zone 3 40.4 
ý 3ý .7 -38.7 40.9 7j 
= 
.7 2 
j 
32.7-43.7 . 7 67.7 . 92,63 .O 6ý 
= 69.2-63.0 
ý 
77 7 
±4ý 
8.5 48.5 77.7 
Table V. Il Percentage Saturation (%SR) of laminitic donkey hoof horn at in vivo, 
Hydration Levels 
I Full HWD Zone I Zone 2 Zone 3 FM-e-d-ia. 
-ný/0SR I- 93.3 79.5 85.2 1 88.2 -d 
Key: %SR, Percentage Saturation. Subscript R, Moisture Regain. 
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Table V. 111 Zonal Percentage Moisture Content and Moisture Regain values at 'in vivo' 
Hydration Levels by Laminitic Group 
Percentage Moisture Content (%) 
Zone Laminitic Group 1 Laminitic Group 2 
Median IQ Range Min - Max Median IQ Range Min - Max 
Zone 1 _ 21.4 17.8-24.3 16.7-24.6 22.8 21.1-23.7 20.2-25.5 
Zone 2 28.3 23.2-30.4 19.7-30.5 29.8 27.9-32.3 26.5-34.5 
Zone 3 37.2 31.8-38.7 28.8-40.9 37.3 35.2-38.3 31.4-41.4 
Moisture Regain (gH20/100g DM) 
Laminitic Grou I Laminitic Grou 2 
Median IQ Range Min - Max Median IQ Range Min - Max 
Zone 1 _ 27.3 21.6-32.1 20.0-32.7 29.5 26.7-31.0 25.2-34.2 
Zone 2 39.6 30.2-43.6 24.5-43.9 42.5 38.8-48.0 36.0-52.7 
Zone 3 59.1 46.7-63.2 40.4-69.1 59.8 46.6-52.6 45.7-70.8 
Table V. lV Zonal Percentage Moisture Content and Moisture Regain data by Laminitic 
Group at Maximal Hydration Levels 
Percentage Moisture Content (%) 
Zone Laminitic Group I Larninitic Group 2 
Median 
_ 
IQ Range Min -Max 
--Wedian IQ Range Min - Max 
Zone 1 27.5 25.3-30.9 24.7-31.1 26.1 25.2-28.5 23.8-29.8 
Zone 2 31.8 29.5-33.8 28.2-34.1 33.3 30.9-36.6 29.6-38.2 
Zone 3 40.1 37.3-41.5 32.7-43.7 40.4 38.9-40.9 43.3-34.4 
Moisture Regain IZH20/lOOg DM) 
Laminitic Grou 1 Larninitic Grou 2 
Median IQ Range Min - Max Median IQ Range Min - Max 
Zone 1 37.9 33.8-44.8 32.7-45.1 35.3 33.6-39.8 31.2-42.4 
Zone 2 46.6 41.7-51.0 39.2-51.8 49.8 44.7-57.7 42.0-61.7 
Zone 3 67.0 59.4-71.0 48.5-77.7 67.8_ 63.6-69.1 52.3-76.4 
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Table V. V Summary table of full HWD and zonal water fraction partitioning in laminitic 
donkey hoof horn 
Sampling Bound Water Free water 
Site Median IQ Range Min - Max Median IQ Range Min - Max 
HWD 63.6 67.3-59.2 43.3-76.0 36.4 40.8-32.7 24.1-- 56.7 
Zone 1 84.0 88.6-80.4 66.1-91.7 16.0 19.6- 11.4 8.3 - 33-9 Zone 2 61.8 69.6-58.1 50.0-89.5 35.4 41.9 ---To 
-4 -10550.2- 
Zone 3 57.3 60.8-51.8 
. 
43.3-65.8 43.7 48.2-39.2 34.2-- 56.5 
Table VNI Water partitioning within the hoof wall of the laminitic donkey hoof horn, 
along with the theoretical Hydration Status at 'in vivo' Hydration Levels 
Zone 1 Zone 2 Zone 3 HWD 
%mcm 26.5 32.6 40.4 35.1 
MRm 36.1 48.3 67.7 54.1 
gH2011OOgDM gH2011 OOgDM gH20/lOOgDM gliIO/IOOgDM 
Bound to Free Water 83.9: 16.1 64.7: 25.3 . 56.3: 43.7 63.5: 36.5 
Ratio at Maximal 
Hydration 
Derived Bound Fraction at 30.3 31.3 38.1 34.4 
Maximal Hydration gH2011 OOgDM gH20/1 OOgDM gli, O/ I OOgDM gliO/IOOgDM 
Derived Free Water 5.8 17.0 29.6 19.7 
Fraction gH20/lOOgDM gH, O/IOOgDM gH, O/ I OOgDM gI 1,0/ 1 OOgDM 
at Maximal hydration 
MR at Bound Water 30.3 31.3 38.1 -34.4 
Capacity gH2011 OOgDM gH20/1 OOgDM gH2011OOgDM 911,0/]OOgDM 
Theoretical %MC at 23.3 23.8 27.6 25.6 
Bound Water Capa ity 
%MCF 22.3 29.7 37.3 3 ý34 
MRF 28.7 42.1 59.7 50.2 
gH20/1 OOgDM gH20/1 OOgDM gHI01100gDM ý11., 0/100gDM 
Difference in H20 between -1.6 10.8 21.6 __. 15.8 
MRF and MR at Bound g/lOOgDM g/)OOgDM g/ I OOgDM g/lOOgDM 
Water Capacity 
'Yo Bound Water Capacity 94.7% 134.5% 15 6.7 1 i-5-. 9% 
at MRF 
Key: -/olvitt-, ruiculitage ivioisrure Lontent. MR, moisture Kegain. Subscript F, 'in vivo' Hydration 
level. Subscript M, Maximal Hydrated Hydration level. 
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Table V. VII Comparison of the water partitioning within the hoof wall of the two 
respective laminitic groups, along with the theoretical Hydration Staus at in vivo 
Hydration levels 
Larninitic Group I Laminitic Group2 
Zonel Zone 2 Zone 3 HWD Zone 1 Zone 2 Zone 3 HWD 
MCM 27.5 31.8 40.1 35.4 26.1 33.3 40.4 34.5 
MRm 37.9 46.6 67.0 55.0 35.3 49.8 67.8 52.7 
g11,01 gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ 
I OOg DM II OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM 
Bound to 81.5: 18.5 64.0. -36.0 54.7: 45.3 61.5: 38.5 85.4: 14.6 65.1: 34.9 57.3: 42.7 64.7: 35.3 
Free Water 
Ratio at 
Maximal 
Hydration 
Derived 30.9 29.8 36.6 33.8 30.1 32.4 38.8 34.1 
Bound gH20/ gH20/ gH, O/ gH20/ gH20/ gH20/ gH20/ gH20/ 
Fraction at I OOg DM 1009 DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM 
Maximal 
Hydration 
Derived Free 7.0 16.8 30.4 21.2 5.2 17.4 29.0 18.6 
Water gi 1,0/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ 
Fraction I OOg DM I OOg DM I OOg DM I OOg DNI I OOg DM I OOg DM I OOg DM I OOg DM 
at Maximal 
hydration 
MRat - --509 29.8 36.6 33.8 30.1 32.4 38.8 34.1 
Bound gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ 
Water I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM 
Capacity 
Theoretical 21.4 28.3 37.2 33.0 22.8 29.8 37.3 33.4 
IXIMC at 
Bound 
Water 
Capacity 
'YO)M('F 23.6 
--- 
23.0 26.8 25.2 23.3 23.8 27.6 25.6 
MRF i7-3 39.6 59.1 49.3 29.5 42.5 59.8 50.2 
91-120/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ 
- -J2ýý 
I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM 
Difference in - -3.6 9.8 22.5 15.5 -0.6 10.1 21.0 16.1 1120 between gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ gH20/ 
MRF and I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM I OOg DM 
MR at 
Bound 
Water 
Capacity 
'Yo Bound 88.3% 132.9% 161.4% 145.9% 98.0% 131.2 154.1 147.2 
Water 
Capacity at 
MR,., 
Key: 'YOMC, Percentage Moisture Content. MR, Moisture Regain. Subscript F, 'In vivo' Hydration 
level. Subscript M, Maximal Hydrated Hydration level. 
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APPENDIX VI 
PEARSON PRODUCT MOMENT CORRELATION MATRICES 
FOR THE MORPHOMETRIC CHARACTERISTICS OF 
STRUCTURE WITHIN THE STRA TUM MEDIUM OF THE 
LAMINITIC DONKEY HOOF WALL 
The correlation matrix presents the correlation for every possible pair of selected variables, and 
displays the lower triangle of the resultant matrix. The correlation coefficient (corr), that Is the 
upper figure presented in each cell of the matrix, gives the degree of correlation between each 
respective pair of structural variables within the matrix. The correlation coefficient assumes a 
value between -1 and +1. If one variable tends to increase as the other decreases, the correlation 
coefficient is negative. Conversely, if the two variables tend to increase together the correlation 
coefficient is positive. A coefficient of I indicates a perfect linear relationship, whereas a value 
of zero indicates that is no evidence of a linear relationship between the two variables. 
The p-value, the lower figure given in each cell of the matrix, is the statistical probability for the 
hypothesis that the correlation coefficient for the relationship between two given variables is 
zero, i. e. that there is no linear relationship. 
Key: 
Zi -Zone I of the SM 
Z2 - Zone I of the SM 
D- Zone I of the SM 
Ma - Marrow 
Tu - Tubule 
Co - Cortex 
Area - Absolute Area Measurement 
AF - Area Fraction 
MA - Major Axis 
MI - Minor Axis 
T- Thickness 
%- Percentage 
:- Ratio 
(The use of these terms are additive) 
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Correlation matrix for the 'field' specific area morphometric characteristics of structure. 
ZlMaArea ZlTuArea ZlCoArea ZlMaAF ZlTuAF ZlCoAF Z2MaArea Z2TuArea 
ZlTuArea 0.570 
0.017 
ZlCoArea 0.481 0.990 
O. Osl 0.000 
ZlMaAF 0.724 0.097 0.006 
0.001 0.712 0.981 
ZlTuAF 0.717 0.748 0.700 0.623 
0.001 0.001 0.002 0.008 
ZlCcAF 0.661 0.813 0.778 0.498 0.987 
0.004 0.000 0.000 0.042 0.000 
Z2MaArea -0.517 -0.469 -0.447 -0.454 -0.633 -0.610 
0.034 0.057 0.072 0.067 0.006 0.009 
Z2TuArea -0.168 -0.026 -0.022 -0.088 -0.016 0.011 0.636 
O. S20 0.921 0.934 0.736 0.951 0.968 0.003 
Z2CoArea 0.039 0.123 0.119 0.025 0.156 0.183 0.491 0.934 
0.882 0.637 0.649 0.924 0.549 0.482 0.033 0.000 
Z2MaAF -0.146 -0.145 -0.135 -0.214 -0.2S4 -0.230 0.661 0.203 
O. S75 0.578 0.60S 0.410 0.325 0.374 0.002 0.404 
Z2TuAF 0.206 0.31S 0.305 0.332 0.425 0.412 0.323 0.590 
0.428 0.218 0.234 0.192 0.089 0.100 0.178 0.008 
Z2CoAF 0.213 0.336 0.323 0.382 0.482 0.463 0.244 0.594 
0.411 0.187 0.207 0.130 O. Oso 0.061 0.313 0.007 
Z3MaArea -0.322 -0.402 -0-399 -0.134 -0.378 -0.406 0.513 0.195 
0.208 0.109 0.112 0.608 0.135 0.106 0.025 0.425 
Z3TuAea 0.356 0.180 0.125 0.137 0.216 0.210 0.231 0.452 
0.160 0.490 0.633 0.599 0.404 0.418 0.342 0.052 
Z3CoArea 0.378 0.216 0.160 0.135 0.243 0.241 0.199 0.449 
0.135 0.405 0.538 0.604 0.347 0.351 0.413 0.054 
Z3MaAF -0.404 -0.489 -0.477 -0.179 -0.517 -0.542 0.557 0.075 
0.108 0.047 0.053 0.491 0.034 0.025 0.013 0.760 
Z3TuAF -0.165 -0.271 -0.283 -0.159 -0.273 -0.264 0.466 0.292 
0.526 0.292 0.271 0.543 0.289 0.305 0.045 0.226 
Z3CoAF -0.164 -0.232 -0.245 -0.190 -0.245 -0.227 0.429 0.297 
0.530 0.369 0.344 0.464 0.344 0.381 0.067 0.216 
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Z2CoArea 
Z2MaAF 0.266 
0.271 
Z2TuAF 0.585 
0.009 
Z2CoAF 0.578 
0.010 
Z3MaArea 0.058 
0.812 
Z3TuAea 0.455 
0.050 
Z3CoArea 0.466 
0.045 
Z3MaAF -0.068 
0.781 
Z3TuAF 0.213 
0.382 
Z3CoAF 0.236 
0.332 
Z3TuAF 
Z3CoAF 0.986 
0.000 
Z2MaAF Z2TuAF Z2CoAF Z3MaArea Z3TUAea Z3COArea Z3MaAF 
0.400 
0.080 
0.273 0.988 
0.244 0.000 
0.359 0.154 0.120 
0.131 0.530 0.625 
-0.006 0.278 0.264 
0.979 0.250 0.275 
-0.026 0.268 0.256 
0.916 0.268 0.289 
0.480 0.047 -0.008 
0.032 0.844 0.973 
0.337 0.168 0.117 
0.146 0.479 0.623 
0.285 0.136 0.095 
0.223 0.567 0.690 
0.206 
0.398 
0.124 0.996 
0.612 0.000 
0.893 -0.151 -0.227 
0.000 O. S36 0.350 
0.585 0.555 0,517 0.374 
0.009 0.014 0.024 0.104 
0.508 0.578 0.548 0.245 
0.026 0.010 0.015 0.297 
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Correlation matrix for the 
of structure. 
ZlMaMA ZlMaMI 
ZIMaMI 0.633 
0.006 
ZlTuMA 0.638 0.709 
0.006 0.001 
ZI. TuMI 0.167 0.741 
0.521 0.001 
ZITuMA: M 0.347 -0.404 
0.173 0.107 
ZlTu: MaM -0.020 0.404 
0.941 0.107 
ZlTu: MaM -0.280 0.264 
0.275 0.306 
Zl%MaTu -0.017 -0.558 
0.949 0.020 
ZICoMAT 0.466 0.646 
0.059 0.00S 
ZlCoMIT -0.047 0.529 
0.858 0.029 
Z2MaMA -0.407 -0.638 
0.105 0.006 
Z2MaMI -0.43S -0.501 
0.081 0.041 
Z2TuMA 0.283 0.304 
0.271 0.236 
Z2TuMI -0.250 -0.058 
0.332 0.826 
Z2TuMA: M 0.215 -0.451 
0.407 0.069 
Z2Tu: MaM 0.288 0.311 
0.263 0.224 
Z2Tu: MaM 0.138 0.359 
0.597 0.157 
Z2%MaTu -0.236 -0.182 
0.361 0.485 
Z2CoMAT 0.28S 0.306 
0.268 0.232 
Z2CoMIT -0.087 0.165 
0.741 0.528 
Z3MaMA -0.152 -0.505 
0.561 0.039 
feature' sF 
ZlTuMA 
0.691 
0.002 
0.061 
0.817 
0.755 
0.000 
0.409 
0.103 
-0.674 
0.003 
0.979 
0.000 
0.584 
0.014 
-0.496 
0.043 
-0.473 
0.055 
0.232 
0.371 
-0.029 
0.913 
-0.108 
0.679 
0.237 
0.359 
0.398 
0.113 
-0.335 
0.189 
0.233 
0.367 
0.185 
0.476 
-0.350 
0.168 
ecific linear and area morphometric characteristics 
ZITuMI ZlTuMA: M ZlTu: MaM ZlTu: MaM Zl%MaTu 
-0.655 
0.004 
0.767 -0.241 
0.000 0.352 
0.840 -0.640 0.770 
0.000 0.006 0.000 
-0.867 0.492 -0.869 -0.812 
0.000 0.045 0.000 0.000 
0.749 -0.023 0.872 0.544 -0.770 
0.001 0.931 0.000 0.024 0.000 
0.962 -0.663 0.805 0.955 -0.869 
0.000 0.004 0.000 0.000 0.000 
-0.511 0.311 -0.337 -0.239 0.545 
0.036 0.224 0.185 0.355 0.024 
-0.417 0.163 -0.281 -0.207 0.483 
0.096 0.531 0.274 0.425 0.050 
0.176 0.019 0.039 -0.018 -0.102 
0.498 0.943 0.882 0.945 0.698 
0.102 -0.121 0.160 0.180 0.045 
0.696 0.644 0.540 0.490 0.864 
-0.600 0.789 -0.334 -0.522 0.489 
0.011 0.000 0.190 0.031 0.046 
0.182 0.015 0.043 -0.015 -0.108 
0.484 0.9S5 0.869 0.955 0.679 
0.469 -0.246 0.419 0.380 -0.415 
0.058 0.341 0.094 0.133 0.098 
-0.171 -0.066 -0.265 -0.101 0.188 
0.512 0.802 0.304 0.699 0.469 
0.178 0.018 0.040 -0.017 -0.104 
0.494 0.946 0.878 0.948 0.692 
0.310 -0.214 0.313 0.302 -0.171 
0.226 0.410 0.221 0.239 0.512 
-O. S22 0.382 -0.360 -0.342 0.451 
0.032 0.130 0.156 0.178 0.069 
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ZlMaMA ZlMaMI ZlTuMA ZlTuMI ZlTuMA: M ZlTu: MaM ZlTu: MaM ZI%MaTu 
Z3MaMI -0.180 -0.519 
0.489 0.033 
Z3TuMA -0.049 -0.387 
0.853 0.125 
Z3TuMI 0.231 0.170 
0.372 0.515 
Z3TuMA: M -0.303 -0.572 
0.237 0.016 
Z3Tu: MaM 0.116 0.231 
0.658 0.372 
Z3Tu: MaM 0.272 0.496 
0.290 0.043 
Z3%MaTu -0.187 -0.469 
0.473 0.057 
Z3CoMAT 0.002 -0.232 
0.994 0.370 
Z3CoMIT 0.291 0.353 
0.256 0.165 
ZlCOMAT ZlCOMIT 
ZlCoMIT 0.684 
0.002 
Z2MaMA -0.461 -0.385 
0.062 0.127 
Z2MaMI -0.427 -0.323 
0.087 0.206 
Z2TuMA 0.191 0.099 
0.463 0.706 
Z2TuMI 0.034 0.153 
0.897 0.558 
Z2TuMA: M -0-182 -0.574 
0.48S 0.016 
Z2Tu: MaM 0.196 0.104 
0.451 0.692 
Z2Tu: MaM 0.421 0.447 
0.093 0.072 
Z296MaTu -0.322 -0.142 
0.208 0.587 
Z2coMAT 0.192 0.100 
0.460 0.702 
Z2CoMIT 0.236 0.324 
0.362 0.204 
-0.371 
0.142 
-0.041 
0.877 
0.390 
0.122 
-0.607 
0.010 
0.333 
0.191 
O. S54 
0.021 
-0.488 
0.047 
0.081 
0.7S8 
0.516 
0.034 
Z2MaMA 
0.953 
0.000 
-0.077 
0.748 
0.409 
0.074 
0.369 
0.110 
-0.091 
0.704 
-0.533 
0.015 
0.494 
0.027 
-0.081 
0.736 
0.046 
0.848 
-0.535 
0.027 
-0.420 
0.094 
0.098 
0.708 
-0.556 
0.020 
0.251 
0.331 
0.506 
0.038 
-0.477 
0.053 
-0.261 
0.312 
0.288 
0.263 
Z2MaMI 
-0.079 
0.740 
0.520 
0.019 
0.209 
0.376 
-0.093 
0.698 
-0.495 
0,026 
0.495 
0.027 
-0.083 
0.729 
0.154 
0.517 
0.382 -0.361 -0.352 0.463 
0.130 0.155 0.165 0.061 
0.579 -0.039 -0.309 0.205 
0.015 0.883 0.228 0.430 
0.302 0.287 -0-030 -0.166 
0.239 0.263 0.908 0.524 
0.150 -0.542 -0.320 0.472 
0.565 0.025 0.211 0.056 
0.013 0.3S4 0.159 -0.305 
0.960 0.164 0.541 0.233 
-0.107 0.504 0.304 -0.467 
0.683 0.039 0.236 0.059 
0.164 -0.495 -0.298 0.520 
O. S29 0,043 0.246 0.032 
0.479 0.086 -0.206 0.059 
0.052 0.742 0.427 0.823 
0.159 0.411 0.096 -0.329 
0.541 0.101 0.713 0.197 
Z2TuMA Z2TuMI Z2TuMA: M Z2Tu: MaM 
-0.221 
0.349 
-0.032 -0.357 
0.894 0.123 
1.000 -0.226 -0.038 
0.000 0.338 0.875 
-0-154 0.475 -0.549 -0.146 
0.517 0.034 0.012 0.540 
0.563 -0.275 0.132 0.555 
0.010 0.240 0.580 0.011 
1.000 -0.222 -0.033 1.000 
0.000 0.346 0.890 0.000 
-0.220 0.924 -0.506 -0.220 
0.351 O. ODO 0.023 0.351 
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ZlCoMAT ZlCoMIT Z2MaMA Z2MaMI Z2TuMA Z2TuMI Z2TuMA: M Z2Tu: MaM 
Z3MaMA -0.362 -0.453 
0.153 0.068 
Z3MaMl -0.378 -0.464 
0.134 0.060 
Z3TuMA -0.034 -0.373 
0.898 0.141 
Z3TuMI 0.387 0.055 
0.125 0.83S 
Z3TuMA: M -0.616 -0.469 
0.008 0.057 
Z3Tu: MaM 0.352 0.223 
0.166 0.390 
Z3Tu: MaM 0.564 0.438 
0.018 0.079 
Z3%MaTu -0.510 -0.411 
0.036 0.101 
Z3CoMAT 0.092 -0.235 
0.725 0.364 
Z3CoMIT 0.515 0.220 
0.034 0.397 
Z2Tu: MaM Z2%MaTu 
Z2%MaTu -0.790 
0.000 
Z2CoMAT -0.152 0.561 
0.523 0.010 
Z2CoMIT 0.771 -0.540 
0.000 0.014 
Z3MaMA -0.591 0.319 
0.006 0.170 
Z3MaMl -0.581 0.321 
0.007 0.167 
Z3TuMA 0.050 -0.204 
0.836 0.389 
Z3TuMI 0.117 -0.057 
0.623 0.811 
Z37'uMA: M -0.205 0.153 
0.387 O. S19 
Z3Tu: MaM 0.670 -0.515 
0.001 0.020 
Z37'u: MaM 0.624 -0.364 
0.003 0.115 
0.584 
0.007 
0.591 
0.006 
0.382 
0.096 
0.147 
0.536 
0.239 
0.310 
-0.355 
0.125 
-0.408 
0.074 
0.445 
0.049 
0.200 
0.397 
-0.067 
0.780 
Z2CoMAT 
-0.220 
0.351 
-0.146 
0.538 
-0.156 
0.512 
-0.227 
0.335 
0.181 
0.445 
-0.059 
0.804 
-0.016 
0.945 
0.241 
0.306 
0.526 
0.017 
0.532 
0.016 
0.377 
0.102 
0.178 
0.454 
0.166 
0.485 
-0.317 
0.173 
-0.360 
0 . 119 
0.368 
0.111 
0.216 
0.361 
-0.015 
0.951 
Z2CoMIT 
-0.327 
0.159 
-0.316 
0.174 
0.289 
0.217 
0.239 
0.310 
-0.122 
0.609 
0.535 
0.015 
0.459 
0.042 
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-0.144 -0.079 
0.545 0.742 
-0.154 -0.067 
0.518 0.778 
-0.226 0.395 
0.338 0.084 
0.182 0.275 
0.443 0.240 
-0.058 -0.041 
0.807 0.864 
-0.018 0.340 
0.941 0.143 
0.239 0.257 
0.310 0.274 
-0.092 -0.283 
0.699 0.227 
-0.192 0.456 
0.417 0.043 
0.238 0.300 
0.313 0.198 
Z3MaMA Z3MaMI 
0.995 
0.000 
0.385 0.400 
0.094 0.081 
0.177 0.187 
0.455 0.431 
0.115 0.106 
0.630 0.657 
-0.791 -0.779 
0.000 0.000 
-0.796 -0.795 
0.000 0.000 
0.513 
0.021 
0.481 
0.032 
0.236 
0.316 
0.020 
0.932 
0.216 
0.361 
-0.292 
0.211 
-0.347 
0.134 
0.513 
0.021 
0.068 
0.77S 
-0.154 
0.517 
Z3TuMA 
0.772 
0.000 
-0.150 
0.529 
0.241 
0.307 
0.101 
0.671 
-0.152 
0.521 
-0.162 
0.495 
-0.231 
0.327 
0.180 
0.449 
-0.061 
0.797 
-0.012 
0.959 
0.245 
0.298 
-0.099 
0.679 
-0.194 
0.412 
0.239 
0.311 
Z3TuMI 
-0.646 
0.002 
0.295 
0.206 
0.424 
0.062 
Z2Tu: MaM Z2%MaTu Z2CoMAT Z2CoMIT Z3MaMA Z3MaMI Z3TuMA Z3TuMI 
Z3%MaTu -0.644 0.401 -0.094 -0.492 0.837 0.825 -0.127 -0.329 0.002 0.080 0.694 0.028 0.000 0.000 0.593 0,156 
Z3CoMAT 0.269 -0.337 -0.193 0.432 0.052 0.069 0.942 0,771 
0.251 0.146 0.416 0.057 0.828 0.772 0.000 0.000 
Z3CoMIT 0.328 -0.174 0.238 0.354 -0.183 -0.175 0.629 0.935 
0.158 0.464 0.312 0.126 0.440 0.460 0.003 0.000 
Z3TuMA: M Z3Tu: MaM Z3Tu: MaM Z3%MaTu Z3CoMAT 
Z3Tu: MaM -0.215 
0.364 
Z3Tu: MaM -0.488 0.908 
0.029 0.000 
Z3%MaTu 0.349 -0.928 -0.927 
0.132 0.000 0.000 
Z3CoMAT -0-204 0.549 0.400 -0.443 
0.389 0.012 0.081 0.050 
Z3CoMIT -0-686 0.578 0.713 -0.629 0.747 
0.001 0.008 0.000 0.003 0.000 
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Tubule density of the stratum medium of horse hoof 
J. D. REILLY*, S. N. COLLINS, B. C. COPE, L. HOPEGOOD and R. J. LATHAM 
Faculty of Applied Sciences, De Montfort University, Leicester LE1 9BH, UK and 'Poyal Army Veterinat), 
Corps, DASU, Normandy Barracks, Senneiager, BFPD 16. 
Keywords: horse: Tubule density: stratum medium; hoof 
Summary 
The number of tubules/mm2 (tubule density) of horse hoof 
horn was quantified in samples taken from the left forefeet of 
8 randomly selected slaughterhouse horses in order to 
establish the normal tubule density characteristics at the 
midline dead centre (MDC) for the stratum medium of horse 
hoof. in the past the measurement of tubule distribution 
within the hoof has lacked objectivity. The horse hoof tubule 
density results are compared to a recent objective study 
carried out on pony hoof. A similar 4 zone pattern of tubule 
density was observed, although the precise zonal boundaries 
and tubule density values differed to those found for pony 
hoof. There were significant differences in tubule densitv 
between zones. Comparison with pony hoof revealed 
significant tubule density 
differences in zones 1,2 and 4; 
ho wever, there was no significant difference in zone 3. The 
. istence of a4 
zoned pattern of tubule density for horse 'X 
hoof, as for pony hoof, has been confirmed. 
Introduction 
p, cilly el al, (1996) and Kasapi and Gosline (1997) noted that the 
huc)f wall exhibits a structural hierarchy 
-al 
evident at the 
n microscopic and ultrastruclui -jact-c., - 
level. At the 
rnacroscopic level, hoot' wall 
is composed of 3 morphologically 
,; I, qtirlct layers (Trautmann and 
Feibiger 1957), namely the stration 
: 111e, 17uni. stratum medium and strarian exterman. 
The strarion 
which constitutes the bulk of the hoof wall (Nickel 1938, 
: q39), forims the basis of this study and is considered to be the 
11C., ple component determining the load hearing capabilities of 
the hoof Wall (Polhu 1992; Kasapi and Gosline 1997), At the 
n-JcroscnPIc level the siratum inedium exhibits a distinctive 
Structural architecture composed of tubular and intertubular hom 
Bruhrik-e 193 1ý Nickel 1938,1939ý Wilkens 1964). 
Horn tubule, are composed of a central medullary cavity, or 
rriarro"', surrounded by a cellular cortex. The 
individual horn 
, ubuies are surrounded 
and separated by intertubular horn. These 
hc)rr, tubules are assumed to be continuous from the coronary 
barld to the bearing border (Pollitt 1995) arid. in cattle. are said 
io be affan, -, ed parallel to the wall 
(Greenough et al. 1981). The 
h(, ()f' wall derives -strength Lind form from the orderly 
prommodistal arrangements of tubular and 
interiubular horn 
ý Balch el al 1997). it is believed that this structural arrangement 
Is re., ponsible for the 
functional capacii), of the hoof (MLkel 
1939, Schunirriur el al. 1981) and the diýtnhution 01 J(, rces 
within tile capsule (BCTIFaID and Gosline 1987). 
Tubule density of' the straium mrdijaji jlaý neet, 
the number of tubulcs/unit area (Reillý e! (71, IQL)o, and nlall\ 
workers have suggested that tills parameter irfluenccý 11 L! 
macroscopic mechanical propertieý of hoot horn. For e\arnplc, 
Gunther et oil, (1983) and Geye, and Tagwerker, ý98t)i for : altle 
and pig hoof, res'pectively. ýuggestcd that 'hardness' \ýa, related 
to tubule density. In an earl\, study, Brul-inke t1l)'Al ; stanvu tiiýjt 
the tensile/shear force of the hom )I cattle, Qiccri. pis jnL; 
horses decreased from the dorsal ; 1spect t()xk ard, ý th, 
palmar/plamar aspect. MuLýh latcr. Wilkens ý 11)64ý tep, )iicj -, lmi 
the mechanical strength of the hoof oAall 'A: JS dCpL! HdL! Tu Upon 
tubule density However, no data were giveii t, ) support tiu,, 
statement. More recently, Geyer (IQ80) ýurimiarised the ýkork ,! 
Kind (1961) as sug,, estin- that the higher the tuý, ulardcnsii\ the 
greater the loading to which the horn maý be subjec: ed ýý itht, ui 
compromise. Schummer et fit, iý L)S I) ýUgivested a iel, 111, ýn, ilip 
between tubule density and resistance to xNear of' the hoot horn 
capsule. Dittrich el (it. ý1994) hehe\ed that an increa. sc : 11 ilic 
number of tubules improved hoof horn : rueilritý. aitli, uch 
no data were presented to ýuppor this argurnein The piccrc 
nature of the implied relationship between tubule densit\ 111,1 i! w 
mechanical properties of hoof ýIill needs to he e%alumed 
Reilly et al. 1 1,9116) suggested that a specific Pattern ,! jjlý, jjje 
density may exist which refleýts the fUnCtlOnal dt-TIlaud, r)ja,:, uj 
on equine \'arl'16011 IIItU 1) U1eLICIIIItV ill ýIIIC: CIIE 
locations around the equine hoot ý, ipýuje jjaý he-, 11 
Lungwitz and Adams (IQ! - 
'- j. N i,: keI, 1Y3R. I 1ý I ()). (, 
Bolliger(1991), i"climan c; it j IL)1)11, Bragulla t al. iij 
Reilly er al. H 99h). Differences also occur atr-, ý the derth ,i 
the hoofwall (Nickel 19. 'S. 1039: Z,,,, ý and Lcýi,: h 197S. R,,: Il\ 
et al, 191)6; Kasapi and Gosline 19q") and clescri pll()n ý1 
morphological zonatimi ovithin (fie h, )Of ýý ill ha% C beell jv-,, rje, j 
forthe horse (Bruhrike 1931ý Nickel 193, s', ! (O()ý Wilkelis pot, 4, 
Stump 1967; Leach l()8() 
, 
13(illiger jojý)l ). 
Reill) (1995) aigued that there is a need to niea, urc 
OhjeC1iVElV 110"filOrn l1Jf; 1T11e1eTS 21111 CL11lSCLjWeTl1i% Reiflý cr ;I 
( 1996) established a systernauc meifioJ ýiiid pro\ idcd a deta: ýC, j 
protocol for ascert, 1111111L! Iubule don, ily in rnnv hoot. This 
provided a quantitative and oh 
, 
jectl\e of 1111s 
anal()mical feature \Aithm ýhe hooi : apsule. The existe: i ,C): .4 
separate zones of' hoof horn A uhi n the ý i? aruny me'dium a: ýhc 
midline dead ceritio: (NlDC) was prop,, sed b\ Reillý ,,, 1,1, 
(19L)6) (Fig I )ý and it ýkas turthe. uggt, ted fta! ihiý ma\ be 11 
equine pattern 
The aini (, I this ý111d\ -11. to -Ulhlish tile tilli-11-1 liii, ý:: c 
Clelisits, 1,01 the ýIralunl ni'dium )I the hoof of 1hC horse. ýiij, j 
cojjjpýijc the artaijýcijmu of tl&U]Cý iCj)0T1CU1 h\ RC! lj,, 
D ReiV, C! e4. ' 
A13LE 1: Comparison of tubule density and zonation in the 
str&tum medium at the midline dead centre (MDC) for horse 
and pony hoof 
Horse 
Tuoule density 
Zc)ne % HWD (tubules/MM2) 
Pony (Reihy et al. 1996) 
TuDule density 
2 % HWD ýtmuies? mrr ) 
Zone 1 0-25 >22 0-26 >27 
Zone 2 25-47 16-22 26-51 16-27 
Zone 3 47-69 11-16 51, -77 8-16 
Zone 4 69-100 <11 77-100 <8 
HVVD = hoof wal! deDlh 
", 1 ( 1996 1 from a selected and controlled population of ponies, 
1c, the viraium medium obtained from a randomly selected 
s. atighterhouse population 
of'horses. 
. %Iaterials 
and methods 
The left fore feet of 8 randomINI selected slaugnierhouse horses 
,, L-rc used to provide 
hoof samples. The sampling site was the 
-alum n2cdium of the hoofwall after 
, nidline 
dead centre of the sly 
p, ciliv ct al N 996). 
The c-trt Point of the sample was taken ztý the mid point 
"k, eell t coronar) band and the bearing border, The fi I na 
taken from the hoof capsule was I cm in he; ghi, I cm long 
f7TIedlolaterally) and encompassed the full dorso-palmar extent 
,; the stratum medium of the hoof wall. Reilly ci at (1996) 
, z, erred to this as the full hoof wall depth of the stratum inediun? 
The sample was taken at right angles to the direction of 
.. nr jubuies. 
A sledge microtome was used 1c, cu. a horizontal 
seztion of 
12 pm from the centre of the block. Sections were 
,. ained in Haernatoxylin and 
Eosm. dehydrated and mounted in 
1-ý, p, N vilh j coverslip, Digitised images of each . section were 
,. jptured usiný a video camera and 
Global Laboraiorý software. 
1. _, ages were processed using 
NIH Image (Public domain 
, I%vare %ersm 
1.59) to enhance tubule definition, The 
d, ýjlj I sed images were enlarged using Adobe Photoshopý to A4 
pri o, - to pn . riting. A grid was then overlaid on the image 
a tubule density count was camed OUt aCcOl-jill, to the 
_ttbod 
of Feillý ri al. (1996). 
.5,,, 
Iisll( al Wial.,. -sis 
results were analysed using Nfiriitab2 Graphs were 
using Minitab and Excel', The nor-mahiy of data was 
,, -, 3bhS. ')Cd using 
the Kolmogorm-Snumov no-mality test. 
LI; fferenceý inetween zones 
for transforTned data were anah, sed 
one way analysis of variance (ANOVA. ) and Tukcy test. 
tubule den,, ily comp_ui, ýons between horýe and pony were 
alaled b) I te, ý* using 
transforined data. 
Resulic 
Tric frcquemý% histograms for nontransformed an: i transfornicd 
, bu. 'c dtnslt) data are shown ir, Figures 22., Lind 2b. The 
, j.,,,, rjbutiOr 
in Figure 2a is skewed to the right such that the 
r7. c; jn and Illedian \alues are not the sanic. 
The normal 
pka indicated that the data were non-nornialj\ 
c. j: sj: -,,, L1trd 
(P<C). ()l i. Square root (sqn) transformation of the 
af, crRcil1N eral. i 
1996)gave adistribution that -was norrual 
01) bv the Ko I mogorm -Sin irnov normal it ý test fFig 2b). 
TABLE 2: Mean and range tubule density values tor equine hoot (tubuleS/MM2) 
Author 7unule aený-ijy 
Kino (1961) 9 
Leach (1980) 30 
Bucher ý 1987) and 14 Pellman etai, 0993) 7 
Reilly et al (1996) 16 
Kasapi and Gosline, ý 1997) 
f 3-6 1 
10-25) 
ReMy et al, (i g9s) 16 
(5-48) 
The result, (. for lubul. - den, ýIt\ : 1ý a function of pcrentaýe ), uol 
wall depth (i(, HNA'D) we illustrated in Figuic SLibeoucirt 
analysis of the data follmvs thc convention gnN ej! hN JýCJJJN 1"; dil i 1996)ý Dividing the transformed data. hý kjýe alld T2, d 
about the mean (3.95 sqn tubuiesimn, 21. , ave at 2 5() 
3.26,4.65 and 5.34 sqrt: tubules/mm-' corr. sp(qId (, juj)LjjC 
densities of -0.6, - 10-6, -2 1.0 and -28.5 tubiijes ! 111112. %k Itl) a 
mean L)f -15.6. The square root ! LIbUlC drIlsil\ vajjjeý, ; it 
comentional standLud deviatiom about tile jjjý!: jjj. dcIIIIII, 111C 
zonal boundaries. These vaiueý weie jpýed to csjjj, ) e , ljýh til ý, jj\\ I 
at which tile zonal bounjaries occurred. A simpie rcgjc. yj, jj 
equation defined the relationship hetween I;, IM'D and Nqti 
tubule/mm2 as: - 
'ýil-JWD = 172 - 31 .7 sqri tubule This equation was used to cletc-rinine tlie -)rrespondin ,L intercepts in term,, of percenta,, e hoofwall depth fo, eýi, li square 
root tubule density value. 
In this wav the sircnion mcdium of Oit: ljoof %výill : it tire MDC 
was divided into 4 zones at -251; ý, --4ý1, ( and I INVD. TlIv 
corresponding tubule demity ranges are sho\k rI in Tzible I 
Tbere were sign; ficant diflererice. ý in transfo! -mcd tubule 
density values between all zones (P<0.05 lný ANOVA 
and Tuke) test). 
In addition, zones I and 2 tubule density \alun 'o7 the horse 
were significantly lower thLin Oiose for ilic poný 
wherew those for zone -: were sign: ficantlý P-, O 01 
There wits no significant differ-ric- in zone . 
11 ioi tul)uic dcnsiiý 
values between horse and pony iiom (R-0.05 i 
Discussion 
The results reported ill lim papcr rcscmble 01ý,, - , h%,, jjej ! )N 
Reil1N et al. 11996) from a porlý population and h; I% c h, -ell 
complired in Table 1. The dorsc-palmar jubule 
density is not uniform across the h(iof ýkall and ýi lonal 
pattern i,, evident (Fig 1i 
Although differing tubule demities o, ýý: ur in il)c dificiellt 
zones of the StlalUM MCLIhIM. the In-'An lUbUlt dcnýllv balel 
upon transformed data :s th! - s"me for boill lid ponies 
i- 16 tubules/mrn2) This mjý rýprt!. ýent an opnim,! mc; m tubule 
density for this site vithir in- hoofcapsule. Allhou, 
-, 
h : hc zomil 
trends are similar in b, )th ca:, -s, the ahýolute d:, mbution of 
tubule density within the 2on,, ý Narits. 
The scatter plot (FiL, 31 ie\eals 2 icgions o: chniýpw-, lubule 
ciensity (zonvs I and Lind one rcý-non of ielxii-IN LOESIýWlll 
tubule densit) (zone 2) This 1-ý NiniJa. T ik, the fjij; mcs of Rcil! v 
el al. (1096ý. The Whule derlw\ Irmd Ill one 4. 
diff-iculi to aýcertain. E\ce. sýi%c IAc up of s%im reýuhr,! ill 27 
Tubule density (if the virarism nirdium 
70 - zone I Zone 2 Zone 3 Zone 4 
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40 
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Fig 1: TIbule densiry (TD) ky percentage hoof wall depth (%HWD) to 
sliow Ihe 4 :: ones of file Stratum medium at the midline dead centre for 
ponies (after Reill1v et al. 1996). 
incomplete cell counts from a total of 308. This occurred solely 
in zone 4. However, Reilly et al. (1996) successfully completed 
a tubule density count from this region and showed consistent 
tubule density values in this zone giving a similar pattern, but 
different objective values, to that seen in zone 2. 
The adjusted means and scatter plots for both horse and pony 
tubule density indicate a significantly lower tubule density in 
zones I and 2 for horse stratum medium (P<0.01). This may 
represent a functional difference between horse and pony hom. 
However. this difference in tubule density may relate to the 
method of image analysis employed. It can be argued that a video 
based system cannot match the resolving power of conventional 
optics and photography. This may not have allowed very small 
tubules to be resolved. Another reason for the difference may be 
the use of slaughterhouse samples which may have been biased 
towards older animals. While the precise relationship between 
tubule density and age for horses is not known. both Gunther 
(1974) and Geyer (1980) have suggested that in cloven hooves 
the number of tubules diminishes with age. If a similar 
relationship exists in the horse, lower tubule density values could 
be anticipated if such a sampling bias occurred in this study 
The tubule density values within zone 3 for horse and pony 
(I I-l6/mm2 and 8-16/mm- respectively) were not significantly 
different (P>0.05). However, significant differences occurred in 
zone 4 (<I I/mM2, <81=2, horse and pony respectively). These 
may represent differences in optimal tubule density values in this 
zone between horse and pony respectively. 
The boundaries of zones I and 2 are close to those 
determined by Reilly et at. (1996). Determination of the 
bolindary between zones 3 and 4 based upon a simple regression 
line indicates a boundary at -68% of the hoof wall depth for our 
horses compared with -77% for the ponies. This may reflect a 
genuine difference between horse and pony hoof or may 
represent the influence of excessive uptake of stain in zone 4. 
The latter may contribute to the disparity in tubule density 
values between other authors. 
Under representation of the tubule 
density contribution from zone 4 would cause a shift to the left 
of the zonal boundaries on the scatter plot (Fig 
3), with the shift 
at the zone 3/4 boundary 
being more pronounced. 
previously published tubule density vaiues for horse hoof 
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Fig 2: Frequency histograms for horse tubule density data. - a, non 
transformed data and b) square roor transformed data. 
are shown in Table 2. These results show considerable vanation 
between studies with several values differing from those 
reported in this study. However. direct comparisons are made 
difficult as details of methodologies and sampling areas have not 
been published by previous authors. 
Reilly et al. ( 1996) demonstrated the potential overestimation 
of tubule density values if working with non-normal data. 7"he 
tubule density data in this study displays a non-normal 
distribution which is consistent with that reported in the pony. 
Hence the true mean of tubular densitv should be calculated from 
the transformed data. In this case, the true mean of (3.9513)2 
tubulcs/mmz corresponds to 15.6 tubules/mm2, which contrasts 
with a 'mean' of 16.1 rubules/mm- based upon untransformed 
data. This discrepancy highlights the slight overestimation that 
can occur if non transformed data is used for analysis. Reilly et 
al. (1996) emphasised the importance of this overestimation 
when interpreting work from different authors; and when 
subsequently relating tubule density to other physical properties. 
A four zone division of the stratum medium of the hoof wall 
is proposed for the horse with an adjusted mean of >22,16-22. 
11- 16 and <II tubuics/mm2. This is in contrast to Bucher 0 987) 
who divided the stratum medium into an 'inner' and 'outer' zone 
without clearly defining zonal boundaries. The tubule density )t 
10 20 30 40 so 
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Fig 3: Comparison of tubide densir ,v 
(TD) and , onal houndarics Ip, i 
, uercenrnge hoof wall 
depth (%HWD) fop the straturn medium of ponies 
and horses. 
Buchcr*s (1987) 'inner' zone (8 tubules/mm2) is slightly lower 
than that for zone 4 in this study and is similar to the results of 
Reilly et al. (1996) for pony hoof. The results from the outer 
zone from Bucher's study (14 tubules/nIM2) were considerably 
lower than either zone I or 2 for the pony hoof studies 
(>27/mm2) bv MIN et al. (1996), or for horse hoof (>22/mm2). 
The lower tubule density reported by Bucher (1987) may have 
arisen because the sample set included the stratum medium from 
hind feet. Both Reilly et al. (1996) and this study used left 
forefeet only. The relationship for tubule density and %HWD 
for hind feet is not known. The sample site used by Bucher 
(1987) also differed from that in this study. 
A detailed methodology was not provided by Kasapi and 
Gosline (1997) when assessing the tubule density of the right 
fore hoof for a limited sample population of only 2 horses. They 
reported a palmaro-dorsal increase in tubule density across the 
hoof wall from 10 tubules/mm2 in the 'inner wall' to 25 
tubules /mm2 towards the 'outer wall' which the), refer to as a 
'radial increase'. It is not possible to see whether a zonal pattern 
exists in their results, as only 6 equidistant sampling sites were 
selected. Nevertheless, the results are in broad agreement with 
jhýis paper and those reported by Reilly et al. (1996). 
The stratuin medium of horse hoof has previously been 
divided into 3 zones ('outer', 'middle' and 'inner') based upon 
tubular morphology (Bruhnke 1931; Nickel 1938,1939ý 
'Wilkens 1964). Stump (1967) agreed with this description, but 
also reported an 'intermediate' zone between the 'inner' and 
,,, ýddle' zones containing tubule forms from both. Kasapi and 
Ciosline (1997) found abrupt morphological changes in tubule 
form at 66%. of the hoof wall depth which they interpreted as 
being the 'intermediate' zone first described by Stump (1967) 
and reported by Leach (1980). 
This area corresponds to zone 3 
in this study. The transition between the low tubule density of 
zone 4 and the higher tubule 
density of zone 2 may account for 
the progressive change across zone 3. 
Another population of tubules is reported to exist between 
zone 4 and the stratum internum. 
This has been described by 
Leach (1980), Bucher N 987), Bolliger (1991 ). Bragulla et al. 
(1994), Budras and Huskamp (19941 and Reilly et al. (1996). 
However, it is unclear whether this population is part of the 
stratum medium or is pan of the cap hom tubule population. 
These tubules were not recorded as a separate entity in this 
study, either because their density made little impact upon the 
density values for zone 4 or because they fell outside the 
sampling area due to the curvature of the stratum inrernum. The 
method used in this investigation may therefore underestimate 
the true mean tubule density (see Reilly et al. 1996). 
While the precise functional significance of zonal tubule 
density variation has yet to be fully investigated, it is possible that 
such variation will confer differences in mechanical properties 
(Reilly et aL 1996), modulated by moisture content (Bertram and 
Goshne 1987), and commensurate with the differcriual mechanical 
demands required across the wall (Kasapi and Gosline 1997). The 
hoof capsule plays a significant part in dampening concussive 
locomotory forces (Dyhre-Poulsen el al. 1994) and. in terms of 
athleticism, the horse represents a pinnacle of evolution (Bolliger 
1991; Reilly er al. 1996). A compromise must exist between die 
need to accommodate forces, mirumise crack propagation and 
avoid excessive dcfonna6on that would threaten dermal integlity. 
Vogel (1989) stated that the biomccharucal properties of a structure 
are probably determined both by the material itself and the 
arrangement of that material. The distinctive tubule density and 
zonal tubule arrangement of the hoof wall of the horse is probably 
designed optimally in order to accommodate the functional 
demands of the hoof both at the level of the tubule and of the wall. 
Considerable debate exists concerning the relative 
importance of the tubular architecture in determining the 
functional capacity of the hoof wall. For example, Leach (1980) 
suggested that. during weightbearing, ground reaction forces are 
transmitted proximally up the wall. Nickel (1938,1939) and 
Wilkens (1964) believed the tubular and intertubular 
arrangement of hoof horn to be of importance in stress transfer 
and resilience, providing resistance to loading forces. The early 
work of Nickel (1938,1939) considered that the tubules acted as 
vertical struts with the intertubular horn transfening stresses to 
the tubules. However, Thomason er al. (1992) reported no 
relationship between principal strain and the orientation of 
tubules and intertubular horn, although Chang et al. (1993) 
noted that the strain pattern was aligned with the major 
functional axes of the hoof wall tissue in horses and donkeys. 
Reilly et al. (1996) suggested that the high tubule density in 
zone I may allow, stress to be concentrated in the outer wall as a 
funcdon of its load bearing properties and that the rapid decline 
in tubule density in zone 1, and the step like pattern of tubule 
density from zone I to zone 4. may be a mechanism for the 
smooth transfer of stress across the hoof wall to the axial 
skeleton. This mechanism of smooth energy transfer may work 
in conjunction with stiffness changes, mediated by changing 
hydradon levels that have been reported by Leach (1980). Leach 
and Zoerb (1983) and Bertram and Gosline (1987). Reilly er al. 
(1996) concluded that the hoof wall is a multi-laminated 
composite structure. Transferring load as gradually as possible 
between interfaces is a guiding principle in composite 
technology and helps prevent failure, As well as transferring 
load. the presence of a large number of tubules per unit area in 
zone I may act to significantly increase the work of fracture and 
create a 'tortuous jagged path' to inward crack propagation. As 
energy is absorbed in the separation of 2 different phases 
(Gordon 1976; Vogel 1989) the tubular-intertuDular interface 
may produce an effective crack stopping mechanism (Bertram 
Tubule density of the srramin inerham 
and Gosline 1986; Reilly el al. 1996ý Kasapj and Gosline 1996, 
1997), Distinct populations of rubules allo- different crack 
diN, ersion mechanisms to exist across he wal, ' and would 
therefore safeguard against crack propagation originating in 
different directional planes. This has been confirmed by Kasapi 
and Gosline (1997) who reported 3 such distinct crack diversion 
mechanisms across the hoof wall, 
The transition betwe,: n 2 zones of differing tubular 
morphology and physical properties can result in reduced 
cohesive ability (Bolli-ger 1991) 1, ' can be argued hat the areas 
of rapid tubule density change (zones I and 3, are liable to 
reduced cohesion. Zenker er al. R995i reported that microcracks 
appeared most often at the transition between the inner and 
middle zones (i. e. in our zone 3). It is interesting to note the 
. 9injilarities 
in zone 3 tubule density values for horse and pony. 
This may represent an optimal value for this zone. In addition, 
Reilly et al. (1996) argued that other i- ' ypes of cracks seen 
in the 
hoof wall may be governed by the strength of the interfaces 
between zones. These may be mechanisms for the controlled 
elimination of damaged wall segaments by zonal delarnmation of 
hoof wall layers along planes of desitined inherent weakness. 
These would act as an ell . ecu I ve means of preventing 
catastrophic failure (Bertram and Gosline 19M Reilly er al. 
1996; Kasapi and Gosline 1997). In this way, Reilly et al. (1996 
suggested that the hoof wall rna'ý 
function as a quadrilaminar pi 
and Kasapi and Gosline (1997) a trilaminar ply. 
Reilly (1995) emphasised that there is a neeý to develop an 
understanding of the anatorrýcal and functional relationships 
between the various hoof horn parameters in nDrmal equine 
hoof. In order to achieve this, these must be defined through 
objective measurements from recognisable anatomical sites. 
This study furthers the characterisation of one of these 
parameters, namely tubule densit-, at the midline dead centre of 
the s1ratum mediUm. The results confirm a -1 zonal pattern 
sirnilar to that reported 
for pony hoof bý Reilly ei al. (1996), 
and reinforces the suggestion that this is an equine pattern for 
-Aever. the differing construction of 
the hoof wall at this site. Hý 
tubule density values and zonal boundaries for horse and poný 
suggests a difference in 
finer detail bet%Aeen the two. It should 
also be noted that 
Hifneý and Misk ý1983) described tubular 
density differences between horse and donkey hoof. Reilh 
1997) commented upon this, and presented photographic 
-, Mparisons in support of these observations. 
Ho,,;, eNer. these 
purported differences are still to 
be measured objectively. 
. Reilly et al. (1996) gave examples of the usefulness of a full 
unclerstandiriý" of hoof tubule 
densit', in research terms. Further 
work is required to establish tubule 
density %alues for equid 
populations and to test the precise mechanical consequences of 
this structural arrangement under controlled experimental 
conditions. It may then 
be possible to assess " hcther abnornial 
tubule density changes are associated with pathologically altered 
states. such as 
laminitis. and to evaluate the mechanical 
consequences of these changes 
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Finite element analysis of static loading in donkey hoof wall 
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summary 
A finite element model of donkey hoof wall was constructed 
frjDTn rneasurements taken directly from the hoof capsule of 
the left forefooL The model was created with a2 mm mesh 
and consisted of 
11608 nodes. A linear elastic analysis was 
conducted assuming 
isotropic material properties in response 
to a 375 newton (N) load, to simulate static 
loading. The load 
was applied to the wall via 
400 laminae in order to simulate 
the way in which the pedal 
bone is suspended within the 
donkey hoof capsule. Displacement, stress concentration, 
principal strain, and 
force distribution across the hoof wall 
were evaluated. 
The hoof wall model revealed loading 
responses that were 
in broad agreement with previously 
reported in vivo and modelled observations of 
the equid hoof. 
jFjnlte element analysis offers the potential to model 
hoof wall 
flinction at the macroscopic and microscopic 
level. In this 
way, it could 
help to develop further our understanding of 
the functional relationship 
between the structural 
organisation and material 
properties of the hoof wall. 
introduction 
J., each (1980) suggested that the 
functional demands placed upon 
the equid musculoskeletal system are 
immeme as, during both 
static and dynamic 
loadingý the entire weight of the equid is 
directed through the foot and the hoof in particular. During 
locomotion the hoof strikes the ground with great 
force and 
frequency. For example, in the galloping horse a vertical 
concussive force of approximately 
9000 N (Quddus et al. 1978), 
, quivalent 
to twice the bodyweight of the animal, is generated C 
during a stance Of 0.1 s (Geary 1975), and at a 
frequency of up 
to 120 strides/min 
(Lekeux and Art 1994). In this respect, Dyhre- 
poulson et al. (1994) noted that the anatomical structures of the 
foot are particularly adapted to absorb energy. 
However, the hoof 
capsule is fundamental 
to equid performance and has largely 
been 0 verlooked in terms of 
biomechanical modelling. 
Modelling studies have tended to focus upon the role of the 
dermal structures and the bones 
during load bearing. However, 
the hoof must afford protection 
to the underlying sensitive 
structures of the 
foot. Hence it is essential that it is capable of 
withstanding the 
forces generated by ground impact (Douglas et 
al. 1996) and 
it must also dissipate the resultant shock waves to 
dampen concussive forces (Dyhre-Poulson et al. 
1994). This 
rnust be achieved without 
excessive deformation or failure 
(L, each 1980; Bertram and 
Gosline 1986), as this would threaten 
the sensitive structures of the foot (Leach and Zoerb 1983). In 
this way, smooth and painless force transfer between the ground 
and the axial skeleton can be achieved (Reilly and Kenipson 
1992). As a result of these capabilities, Pollitt f 1990) and Reilly 
et al. (1996) have described the hoof as a miracle of 
bioengineering. 
Vogel (1988) stated that a biological preference exists for 
accepting rather than preventing defonnation and Sack and 
Gabel (1977) suggested that the hoof capsule yields under the 
pressure of impact to dissipate concLiqsive forces. Distonion of a 
solid object in response to an applied load generates internal 
forces sufficient to counter the applied load (Gordon 1976). 
Hence, during normal weight bearing and locomotion, the hoof 
defornis in a consistent pattern (Douglas ei al. 1996) which 
results from a compromise between the complex force changes 
occurring internally within the capsule, and those external 
compressive forces acting against the ground (Leach 1980). 
The hoof wall represents the major functional load-bearing 
component of the hoof capsule (Nickel 1938.1939; Parker 11473; 
Sack and Gabel 1977). However, considerable scientific debate 
exists as to the means by which the hoof' wall achieves its 
functional requirements. Rooney (1978) proposed that the 
structural design of the hoof reflects the need for force resistance 
and energy absorption. Therefore, an interpretation of hoof wall 
function necessitates an understanding not only of the structure 
and morphology of 1he wall, but also the complexities of the 
external and internal forces affecting the capsule, and the response 
of the wall to these forces (Leach 1990). There is, however, a 
distinct lack of scientific inforniation regarding the nature and 
distribution of forces within the hoof wall during loading. 
Studies dating back to the last century have attempted to 
evaluate hoof deformation in response to loading (Miles 1856ý 
Lechner 1881: Bayer 1886; F6rringer 1989). However, man), of' 
these earlier studies were significantly restricted by the technology 
available at that time Nevertheless, Lungwitz 0 883,1891 ) was 
able to arrive at a model of hoof wall deformation that has. in the 
main, been substantiated by later workers including Fischerleitner 
(1974), Leach (1980), Colles (1989) and 'rhoniason et al. ( 1992). 
Lungwitz (1883,1891) recorded an inward movement of the 
anterior aspect of the hoof wall at the height of the coronary band 
that Leach (1980) referred to as a dorsoconcavity. In addition, 
Lungwitz (1891) recorded a concurrent expansion at the heels, 
flattening of thesole, and sinking of the heels which decreased the 
hoof wall height (Fig I). 
Bartel et al. (1978) proposed a model for the sagittal plane of 
the distal linib illustrating force transmission within the foot, A 
104 
a) b) C) 
C= compression P6. 
T= tension 
(a) The unbroken line indicates the original shape of the hoof in the free loaded state. The dotted line illustrates the retraction of the 
coronary edge and the sinking of the heels. The shaded area indicates expansion at the heels. (b) The dotted line shows the geometric 
change in form of the hoof wall during load-bearing. (c) The unbroken line represents the shape of the unloaded hoof wall and the dotted 
line shows the change in form that occurs during loading. 
Fig 1. Diagram to shoit the deforniarion ofthe hoof ýoll during loading, illustrating rhe expansion qfthc heels. the retraction ofthe leading edgc of 
the hoofand the sinking ofthe heels (after Lungwit, 1891) and ifieforce inter-action according to Leach f IYNo). 
TABLE 1. - Basic geometric measurements at the 10 hoof wall 
measurement sites In the lateral half of the hoof capsule 
Tubule Tubule Wall thickness 
Y, z inclination length at bearing 
Site coordinateso ('degrees )b (mm) border (mm) 
1 0,0 40 57 10 
2 10,2 40 58 10 
3 20,6 40 57 10 
4 30,15 40 56 10 
5 35,28 40 56 10 
6 36,38 40 54 10 
7 36,48 40 52 10 
8 39,58 40 48 10 
9 39,68 40 43 10 
10 38,78 40 40 10 
ay, z Coordinates. y= distance in mm from the plane of the midline Lad 
centre (MDC) at the bearing border (BB), along the y axis, 
z= distance in mm 
from the dorsal aspect of the midline dead 
centre (MDC) at the bearing 
border (BB), along the z axis. 
"Tubule inclination from the axis in the x, z plane, expressed in 
'degrees. 
vertically orientated ground reaction 
force was considered to act 
through the centre of the hoof capsule, counteracted by the 
downward force of the bodyweight acting through the distal 
phalanx. Components of this ground reaction 
force acted 
throughout the whole of the distal bearing border of the hoof wall, 
, ith a resolved force vector 
directed parallel to the hoof wall. An 
inwardly directed tensile force was suggested on the inner surface 
of the wall, orientated 
in an orthogonal direction. ne former 
being resisted by the hoof wall itself while the latter was 
countered by the lan-mar 
junction. Leach (1980) suggested that 
the concussive wave is 
dampened as it travels vertically through 
the hoof wall, and that the 
internally directed tensile force is 
possibly increased by the action of the 
deep digital flexor tendon 
on the distal phalanx. 
The action of the flexor tendon would cause 
posterioventral rotation of the phalanx and a synchronous 
displacement of the hoof wall (Fischerleitner 1974; Leach 1990; 
Thomason el al. 1992) resulting in the observed dorsoconcavity. 
Leach (1980) and Thomason ct al. (1992) argued however, 
that such a model did not adequately take account of the 
3 
Static loading in donkey hoof wall 
dimensional nature of the hoof capsule. The), suggested that the 
compressive forces directed through the wall would result in 
tensile strain at right angles to these forces. Expansion of the 
heels in response to the posterioventral movement of the distal 
phalanx results in horizontally directed compressive foices at 
the toe - at right angles to those generated by the ground reaction 
forces. This would subject the wall to biaxial compression (Mair 
1974). Furthermore, Geary (1975) observed that the extent of the 
laminar junction varies throughout the capsule resulting in 
tensile components being centred upon the anierior half of' the 
hoof. Thomason et al. (1992) suggested that this results in the 
quarters being pulled inwards and downwards. 
These studies have initiated debate regarding the precise 
nature of forces acting upon the hoof wall and have raised 
questions regarding its function (Nickel 1938.1939: Rooney 
1978; Leach 1980). Leach (1980) concluded that the hoof wall 
is likely to experience forces originating from 3 sources, namely 
compressive stress from the ground, tensile stress fiom the 
lan-tinae and stress resulting from the change in form. 
Various techniques have been emploved to evaluate force 
distribution in the hoof wall. Strain gauges attached to the outer 
surface of the hoof have been used to monitor capsular 
deflections during loading (Mair 1974; Colles 1989; Thomason 
et al. 1992). However, it is important to appreciate the 
limitations of these studies - for example, sensors are restricted 
to monitoring deflections upon the outer surface of the capýUIC 
only. Also, the information provided is only site specific and 
may not be representative of capsule dynamics, and the location 
of the sampling sites themselves are often ill defined In general- 
these studies have provided evidence that supported the 
proposals of Leach ( 1980), with compression predominating at 
all monitored sites. Strain patterns vary however between 
studies. Mair (1974) and Chang el al. (1993) detected biaxial 
compression at the dorsum, which is the anatomical site referred 
to as the midline dead centre (MDC) by Reill ,v el al, 
(191)6), 
suggesting horizontal compression within the hoof. However, 
Thomason et al. (1992) recorded such strain patterns only in 
proximal IMDC sites. Furthermore, strain patterns recorded at 
the quarters indicate that heel expansion does not occur in a 
simple horizontal manner (Thomason et al. 1992). Rather, the 
heel expands more at the distal margin than the proximal edge 
(Douglas 1994. ). This, results in an outward and upward 
A. Newlyn et al. 
SOLAR ASPEQT LATERAL ASPECT 
Measurement sites MDC 
ce 
BB 
Measurement sites 
a= Dorsal hoof wall angle (40'Degrees) 
b= Tubule inclination ('Degrees) 
,4-- ----- 1j, Tubule length (mm) 
CB Coronary band BB Bearing border 
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Fig 2. Diagrammatic 
representation of the basic 
geoineiric measurements 
used to c onstruct the busal 
icnipiaic and bounding 
curves of the donkey hoot 
wall Finite Element model, 
expansion of the hoof wall, generating compressive forces, 
directed towards the coronary band at the MDC (Douglas 1994). 
Davies (1997) and Dejardin ct al. (1997) utilised 
photoelastic stre. " analysis techniques to document tlic 
distribution and magnitude ofshear stress occurring on the outer 
surface of the hoof capsule in response to loading. This 
technique facilitates monitoring of the entire hoof' capsule, 
therefore overcoming the 'site specific' limitation of 
conventional strain gauge analysis. However. this analysis is 
restricted to recording surface conditions only, and cannot 
objectively elucidate the nature of force distribution across the 
entire hoofwall depth. 
Nickel (1938,1939) assumed that the hoof wall was 
subjected to compressive forces alone, whereas Thomason ei al. 
( 1992) argued that the inner aspect of the hoof capsule A as likely 
to be subjected to tensional force. s, thereby intimating the 
occurrence of bending forces. In this respect, Hood et al. ( 1992 1 
evaluated force generation in the hoofwall during loading using 
transducers capable of discriminating between bending and 
compressive deformation. They observed that the doisal hoof 
wall (MDC) was subjected to either pure bending, or 
compression and bending. Pure compression alone within the 
wall, was not recorded. 
Reilly (1995) argued that there is a need to further develop 
our knowledge of the mechanical functioning of the hoof wall as 
the mechanisms by which the hoof wall successfulh achieves it.,,, 
function are not fully understood. The relationship between the 
forces generated during loading and the structuial organisation 
and biornechanical and material properties of the hoof need to be 
established. Computer assisted 3 dimensional modelling of the 
hoof wall using finite element analysis (FEA) may serve as a 
means ofelucidating thecomplex interaction offorces generated 
during loading, and provide essential information that is 
required to unravel the functional complexitv of the hoof wall. 
Several authors have used this mathematically based 
modelling technique to investigate internal deformations and 
stress distribution 
in different biological structures including 
bone and tendon. However, iti application to the hoof has been 
limited. Wichtniann el al. (1990) and, Hood et al. ( 19911 used 
this technique to produce a2 dimensional model of the equine 
foot in the sagittal plane in order to evaluate the theoretical 
Fig 3. Surface model of the donke , NI 
hoof wall showing the initial 
rn, appirg ofihe control points, 
splines and bounding cur%, es. 
123579 10 
Fig 4: Finite element net construction Pnodel of 
hoof wall using a2 mm 
,, esh size, shoýýing 
loading con&tions (yellow arrows) and boundar) 
resjr, ýiws (red circles). 
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force distribution within the various structures of the digit in 
response to static loading. Mnterhofer et al. (1997) employed 
FEA to investigate the effect of dynamic loading upon a3 
dimensional model of the hoof capsule. This paper represents a 
logical progression to these former FEA studies and marks the 
first in depth 3 dimensional simulation of the major load 
bearing element of the hoof capsule, namely the hoof wall 
during static loading. 
N48terials and methods 
Application offinite element analý, sis to the hoof wall 
The Finite Element Analysis (FEA) method is widely used in the 
engineering industry and associated fields, and can be applied to 
static, dynamic, thermal, electrostatic and fluid flow problems. 
Used in static analysis it essentially relies upon developing 
mathematical equations that relate the displacements created, to 
the forces applied to small discrete subregions of the structure or 
, Finite Elements'. These Finite Elements can be of various 
geometrical configurations i. e. rod, brick, or plate-shaped, The 
ends or comers of the element are called nodes. When these 
elements are assembled to represent the structure, the occurrence 
c, f common nodes, i. e. those which are common to adjoining 
finite elements, allow mathematical equations to be assembled 
to determine how the structure reacts theoretically to the applied 
forces. The derived displacements can then be used to determine 
, trains and stresses. 
In order to restrain the structure and prevent 
free body movement, boundary conditions need to be applied. 
Tbese have to be carefully considered in order to recreate 
accurate in vivo conditions. 
The application of Finite Element Analysis to the structural 
performance of the hoof wall extends and complements the 
range of experimental techniques that have formerly been used 
to evaluate hoof wall function. Confidence in such an analytical 
technique should always be developed by comparison with 
experimental work, although care must be taken that like is 
compared with like. For example, the application of photoelastic 
material to the surface of a hoof in order to assess stress levels 
with unavoidably reinforce and stiffen the structure that is being 
assessed and, if bending is the major stress developing process, 
this may critically alter results. The aims of this study were to 
design a finite element model of the hoof wall of a donkey, and 
to model the effect of static loading upon the structure. This 
assumed linear elastic stress - strain relationships and isotropic 
material properties within the hoof wall. The study also aimed to 
evaluate the potential application of 
finite element techniques to 
hoof wall mechanics by comparison of simulated loading 
responses with previously reported in vivo observations and 
modelled data in the equid hoof capsule. 
Developing the model 
-rhe model was based upon measurements of a hoof capsule 
obtained from the 
left forefoot of a donkey, which had no 
apparent signs of 
disorders related to the feet, that had been 
hurnaDely destroyed on medical grounds, Immediately after 
destr-uction, the hoof capsule was sealed in Parafilml to prevent 
shrinkage resulting 
from moisture loss, and -as stored in a 
fridge until autolytic degradation of the dermal/epidermal 
junction allowed removal of the intact hoof capsule. 
N4easurements were taken immediately after capsular removal to 
minimise the effect of moisture 
loss. 
Static loading in donkeý hool! wall 
In order to create a successful model of a shape, such as the 
hoof wall that is composed of many intersecting curved 
surfaces, the use of a surface modeller is required. In this case, 
the initial shape of the bounding curves was developed. To this 
end the solear aspect (bearing border) of the hoof wall was 
accurately measured and mapped into the computer. In this 
way a basal template was constructed to which all subsequent 
measurements could be related spatially (Fig 2). The position 
of the coronary band was established by measuring the heights 
along the longitudinal axis of the horn tubules, from the 
bearing border to the coronary band, at ten sites from the MDC 
to the heels in the lateral half of the capsule (Table 1). The 
angle of inclination from the x axis was measured in the x, z 
p, ane. In this way, a series of control points were created and 
splines, a form of mathematical curve, fitted to the control 
points to form the bounding curves. These splines were 
transferred to the surface modeller and with the addition of 
some connecting lines. the bounding areas were created. Once 
this had been completed for one half of the hoof wall model it 
was mirrored about the plane of the MDC to form the complete 
hoof wall structure. These were then patched to create the 
surfaces of the model (Fig 3). These were subsequently 
meshed to form a finite element net construction on tile 
surfaces of the wall model. Specific attention was given to 
ensure that the mesh size was small enough to allow, tile 
development of modelling detail, yet large enough to avoid an 
excessive computer file size. 
This surface mesh was then enhanced to generate a more 
regular model, and brick elements generated to fill the volurne 
using a finite element software package2. Once more, mesh size 
selection was critical, as not only does the mesh size affect the 
accuracy and detail of the final results, it also goverris the 
processing fime required for the aiialvsis, This ultimately 
determines the feasibility ol'the analysis. For example. although 
a1 min mesh size provides a model capable of" generating 
exceptional detail, the mesh enhancement process alone would 
require 16 h computer processing time on a Pentium 75 mHz PC 
to create -45,000 elements. Therefore a2 mm mesh size %N as 
selected. This required 4h to generate and gave a respectable 
model with adequate detail, consisting of 19305 elements and 
11608 nodes. A general arrangement, light shaded view. of 
the 2 mm mesh models is shown in Figure 4, with arrows 
indicating the loading surfaces and red circles indicating the 
boundary restraint,,. 
A vertical static load of 375 N was used for the model. This 
represents a static loading force equivalent to a 150 U 
bodyweight animal distributed equally between the 4 hooves, 
One hundred and fifty kg is a typical bodyweight for a donkov 
(Chang el al. 1993). This force was applied uniformly around 
the wall in a manner designed to simulate the suspension (if the 
axial skeleton within the hoof capsule (Sack and Gabel I 9, ý-l l, 
via 400 laminae (Hifney and Misk 1983). The bearing border of 
the hoof wall was restrained vertically to simulate in vivo 
ground contact conditions. In addition the bearing border at the 
MDC was fully restrained preventing displacement at this 
anatomical site in any direction. These boundary conditions 
were consistent with the observations of Lung\vitz ( 1883,1891 ) 
and video footage published b) Pollitt (1993) for the horse. The 
hoof wall was assumed to be isotropic with a Young's Modulus 
of 0.5 x 103 N/mm' ' (Wichtmarin ei al. 1990) and a Poi. "on's 
ratio of 0.4 (Chang et al. 1993). The analysis required the 
solution to 34.261 equations which look approximately 2h 
computer processing time on a Pentium 75 inliz PC. 
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Results 
Figure 5 illustrates the deformation of the hoof wall model in 
response to loading and boundary restraints. A comparison of the 
displaced shape with the original unloaded structure revealed an 
outward displacement at the heels, which progressively 
increased towards the palmar aspect attaining a maximum value 
of 2.36 mm. A dorso-concave deformation of the dorsal aspect 
of the MDC was indicated with the proximal region 
experiencing an inward deflection of 0.3 mm. The 'total 
deflection' at any point around the hoof wall model in the loaded 
state is shown in Figure 6. The maximum principal strain in the 
outer aspect varied around the hoof wall. In general strain values 
increased from the heels towards the MDC, attaining a 
maximum value in the order of 2500 pe at the proximal region 
of the MDC (Fig 7). The direction of the principal strains 
iDdicates that the maximum principal strain at the MDC was 
aligned along the x axis both proximally and distally, and that 
the hoof wall at this site was subjected to biaxial compression. 
The biaxial compression was greater proximally than distally. 
A modelled sagittal section taken along the plane of the 
MDC (Fig 8) revealed that the dorsal aspect of the hoof wall was 
subjected to compressive forces which increased progressively 
in a proximal direction from the bearing border. These 
compressive forces decreased across the hoof wall, in the dorso- 
palmar direction, with the development of tensile forces towards 
the inner margin of the wall section. The greatest tensile force 
was generated in the proximal half of the wall. 
Discussion 
The displacement diagram and displaced shape projections 
reported in this paper predicts a pattern of donkey hoof wall 
deformation, in response to static loading, which is in broad 
agreement with in vivo observations for the horse as reported by 
Lung-itz (1889.1891) and Pollitt (1993). The simulated 
loading, resulting in an outward expansion of the heels and a 
simultaneous dorsoconcavity of the proximal MDC suggests that 
the mode of mechanical functioning of the donkey hoof wall 
may be similar to that of the horse. The displacement diagram 
, trates that, 
in the region of the quarters and heel, the illu-, 
displacement value is greater proximally than distally. This 
contradicts in vivo observations in the horse where lateral 
expansion is greatest at the 
bearing border reported by 
Thomason et al. (1992). However, it is important to note that the 
displacement values are nominal, that is they give absolute 
displacement values only, and are not vector quantities giving 
directional information. The displaced space plot indicates a 
uniform outward expansion. 
Therefore, the predicted values 
suggest that the proximal region of the quarters may be 
subjected to a combination of 
different compressive, tensile, 
bending and torsion forces. Thomason et al. (1992) suggested 
that the proximal region of the 
heels in the horse were subjected 
to an inwardly directed tensile 
force that results in an outward 
and upward movement of the 
heel distally. However, the 
displacement Plot in the y direction for the donkey (Fig 9) 
predicts uniform outward expansion proximally and 
distally and, 
therefore, it suggests that axial compressive 
forces may be 
contributing to the 
displacement at this site. This may reflect the 
sophistication of the model and the assumptions made 
in this 
respect, or may represent a genuine 
difference between horse 
and donkey. 
Reilly (1997) corm-nented upon the anatomical 
differences between horse and donkey hoof capsule, and 
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suggested that there mav be different amounts of movements 
within the 2 capsules during loading. It can be armied in terins 
of mechanical principles, that geometrical differences are likely 
to affect displacement under loading. In this case, heel 
expansion is likely to be less in the more upright donkey capsule 
due to increased axial resistance. In addition, tapering of the 
hoof wall depth in the heel region of the horse (Reilly 1997) 
presents less material to resist displacement, and increases the 
tendency to accommodate such movement. 
The theoretical distribution of principal strain around the 
outer surface of the hoof wall indicates the occurrence of 
maximum principal strain CCDtred upon the proximal region of 
the MDC. This is consistent with experimental observations 
using, surface strain gauges for the horse (Thomason er al. 1992ý 
Chang et al. 1993; Kasapi and Gosline 1996) and for the donkey 
(Chang el al. 1993). This suggests t-hat this FE-A model is 
reproducing in vivo conditions. In addition. the Principal strain 
distribution in the hoof wall model was comparable ýkith that 
reported in the donkey hoof by Chang et al. (1 993)ý 
The stress distribution at die surface of the capsule that is 
derived from the strains using the stated Young's Modulus and 
Poisson's ratio can be displayed in various fonns. The magnitude 
of the Maximum Principal stress can he plotted as can the 
Minimum Principal stress, or, a combination of these related to 
various failure theories. However, given the complexity of' the 
structural hierarchy evident in the hoof wall (Reilly rt al. 1996; 
Kasapi and Gosline 1997), and our limited knowledge of the 
material properties of hoof hom (Reilly 1995), it is difficult to say 
which failure mode is applicable. However, 2 stress states maý be 
of interest, (i) The Maximum shear stress (Tresca) mid (ii) Tile Von 
Mises Stress (Shear strain energy theory). Both of these are usually 
related, in engineering applications, to failure in ductile materials. 
Such a mode of failure may be applicable to hoof wall modelling 
due to the potential plasficising effect of the material'.,, inherent 
moisture content (Cope et al. 1998). However. as the material is 
non isotropic and possibly behaves in a nonlinear fashion when 
loaded at high speed, these values can only give an indication of 
the resultant conditions. The accuracy of the results can be as 
accurate only as the assumptions made in developing and resolving 
the model. The Shear stress plot is also interesting in that it relates 
to the isochromatic fringes produced in photoelastic analýsis, A 
plot of 2x the Tresca stress is used to simulate photoelaýtic surface 
strain and is used as a comparison (Fig 10). 
The accuracy of FEA is dependent upon contributions from 
the geometrical modelling of the structure, the selected mesh 
size, the specified material properties, the defined boundarv 
conditions, and the chosen load and means of loading. Whilst 
confidence can be expressed in terms of the geometric 
modelling and the boundary restraints, several important 
assumptions and compromises have had to be made with 
respect to the other factors. 
The accuracy of the solution is related to the mesh size. The 
software used in these simulations can provide air indication of 
accuracy by calculating a precision value. It takes the values of 
the quantity of interest, for example stress, and compares tile 
values derived at a node from all the elements connected at that 
node. These will differ depending on the mesh size and the local 
stress/strain gradients. The precision is defined as the iniximunj 
difference between these values divided by the maximurn stress in the body. In this way it can be seen where the mesh needs to 
be refined to improve future accuracy. 
Accurately inputting material properties into the model 
represents more of a challenge because there is a distinct lack of 
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Fig 5: Displaced shape diagram of modelled hoof wall deformation in 
response to loading, illustrating the deformedldisplaced wall section 
compared to the original unloaded net construction model. 
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Fig 6: L)isplacement plot of total displacement (mm) at all points around 
the loaded hoof ivall model. 
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Fig 8: Foirc distribution along the sagittal plant- in the tegion (It the 
midline dead centre (MDC) during static loading. 
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Fig 9: Projection of hoof wall displacement along the y axis in response 
to loading onto the original net construction. 
Fig 10: Plot of2. x fpe. ýt a -ýIiess 
during ltwding to ý%mmialt pJj(oIt, Cl, Jsjic 
surface strain anaývsis. 
Fig 7. - Shadcd PI"t of Maximum Principal Strains 
generated in the hoof wall model 
in response to loading. 
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information regarding the material characteristics of donkey horn. 
Therefore a representative equine modulus of elasticity and 
poisson's ratio (Wichtmann et al. 1990) was selected for this FFA 
investigation. Anecdotal evidence suggests that donkey horn is 
not as stiff as that from the horse. Since. the modulus of elasticity 
affects the resultant principal strain the higher the modulus, the 
lower the principal maximum strain. On this basis. the use of an 
equine modulus is likely to have resulted in lower strain levels 
than occur in vivo for the donkey. Experimental work is currently 
in progress to characterise the materiaJ properties of donkey hoof 
in order to enable refinement of this model. 
Although the force generated by an average donkey 
bodyweight during static loading can be calculated with relative 
case, there is a lack of scientific evidence as to how this force is 
distributed between the 4 hoof capsules. Kainer (1987) stated 
that the forefeet support 60% of the bodyweight of the horse. If 
a similar situation exists 
in the donkey then the results of this 
study, based upon an even force distribution acting through each 
hoof, under-represents the effect of static loading upon the 
deformation and stress distribution in the forelimb donkey hoof 
wall. In addition, there is limited information regarding the 
rneans by which the 
force is transferTed from the axial skeleton 
to the ground via the hoof capsule. It is not known if the load is 
transferred equally via the 400 laminae or whether more weight 
i. r, taken at the MDC as suggested by Douglas et al. (1996) in the 
horse. Foot balance has also been reported to affect the loading 
characteristics of the hoof (Chang ei al. 1993). 
This study 
assumes mediolateral 
foot balance, although there is limited 
information regarding natural foot balance in the donkey. 
Williams (1993) suggested that the donkey naturally takes more 
weight on the media] aspect of the bearing border in the hindfoot, 
however it is not known whether the same is true for the forefoot. 
This study is also based upon the assertion that the hoof wall 
constitutes the load-bearing element of the equine 
hoof capsule 
(Nickel 1938,1939). but there is debate as to whether the sole in 
the donkey should be load-bearing (Reilly 1997). For example, 
Whitehead et al. (1991) and Fowler (1995) stated that the 
anterior third of the sole plays an 
important role in load-bearing. 
Reilly (1997) referred to the present lack of knowledge 
Concerning the extent to which the sole 
bears load or whether in 
fact, the sole naturally should be concave and hence bear no load 
The application of FEA to hoof mechanics has been limited, 
T'be different modelling techniques employed. and the working 
assurn0or" made, make 
direct comparison difficult. Nk-ichtmann 
el al. (1990) and, 
Hood and Wichtmann (1991) modelled a2 
dimensional sagittal section at the MDC of the equine foot, loaded 
via the second phalanx. 
This model of the foot consisted of only 
964 nodes and 457 elements and therefore did not afford 
modelling detail. 
Compression bending and rotation of the wall 
were described resulting 
in dorsoconcavity of the proximo dorsal 
aspect of the 
hoof wall, consistent with the results of this study. 
l4owever, such a2 dimensional representation cannot model the 
effect of compressive 
forces generated at the MDC by heel 
expansion, nor the 
tensile forces generated orthogonal to the 
tubular axis as 
described by Leach (1980) and Thomason ct al, 
( 1992). Consistency of dorsoconzavity 
between this present studý 
and Wichtmann et al. 
(11990) supporls our assumption that it is 
possible to model the 
hoof wall in isolation and still generate 
accurate in vivo simulation. 
Hinterhofercial. (1997) working with 
a note sophisticated model 
in terms of the material properties of 
the capsular components, were not able to create 
in vivo 
defor. mation within the wall, unless part of the 
load was applied via 
the sole/fTog. 
However it is not clear how the white line, which 
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forms the wall sole junction was modelled. It is believed that the 
white line allows for independent movement of the wall and sole 
(Reilly 1997). Comparison of displaced shape and stress 
concentration plots reveal similarity between this study and 
Hinterhofer et al. (1997). However it is uncertain whether a hoof 
capsule subjected to forces of -30000 N, as modelled by 
Hinterhofer et al. (1997) would function in a linear elastic manner. 
Further work is in progress to validate whether modelling the hoof 
wall in isolation accurately simulates in vivo conditions. 
There are many advantages in applying FEA to this type of 
mechanical problem. Firstly, it is possible to generate a general 
understanding of the structure and analyse how it performs under 
various loading conditions. In particular it is possible to determine 
with reasonable confidence, conditions in regions of the hoofwall 
where experimental results are difficult to achieve. Secondly, it is 
possible to work on a micro as well as a macro level so that a 
more detailed analysis of the structural complexity of the hoof 
wall, and its performance, can be achieved. Finally, FEA provides 
an ideal focus for bringing together the information derived from 
a multidisciplinary approach to investigating hoof function, as 
advocated by Reilly (1995). 
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Stiffness as a function of moisture content in 
natural materials: Characterisation of hoof horn 
samples 
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Hoof horn, which forms the capsule at the lower part of the legs of many grazing animals 
including equids (horses, donkeys and mules), is a composite natural material based on 
a-keratin. Its function is influenced by the tubular and intertubular material and is 
modulated by the moisture content. There is a requirement to adopt a standard approach 
to drying regimes and sampling protocols in order to make progress in understanding how 
the biornechanical properties of hoof horn are related to its structure. In this work the 
stiffness of donkey hoof has been examined using a three point bending technique and the 
effect of hydration has been investigated. Also the tubule density properties of this hoof 
horn material are reported. oCD 1998 Kluwer Academic Publishers 
1. Introduction 
The study of hoof horn provides materials scientists 
with a challenging insight into natural materials, but 
why approach the study of hoof horn from the mate- 
riais science base'? Hoof horn may be described as a 
naturally occurring composite material which includes 
keratin arranged in a tubular and intertubular form [I 
Its biofunctional role is not yet completely understood. 
Each tubule consists of a medulla (possibly hollow) 
which is surrounded by a cortex of keratinised cells 
[2]. Thus materials scientists inay think of hoof horn as 
a mixed morphology material whose mechanical prop- 
erties are very dependent on thestructure [3 1. The prop- 
erties of hoof horn are of potential interest to conserva- 
tors and restorers. but much more importantly to those 
concerned with animal husbandry and welfare. Hoof 
management has tended historically to be a skill rather 
than a science and consequently there is a paucity of in- 
formation concerning structure-property relationships 
in the scientific and veterinary literature. The need to 
assess critically the scientific information that has been 
reported is highlighted in a recent review by Reilly 131 
who comments also on such issues as the inadequate 
numbers in sample populations toggether with a lack of 
funding for focussed research. 
Materials science provides a platform for investi- 
gating the effects of environment, nutritioti and man- 
agernent on hoof horn structure and aspects of genetic 
influences can be included by careful experimental de- 
sign. Is equine hoof 
different from bovine hoof in its 
structural aspectsý do other equids such as donkey have 
the same hoof horn structure as liorse? In order to 
answer these and other related questions it is inipor- 
tant to generate a sound knowledge base of hoof horn 
characteristics for different species based on control led 
trial situations [31, and in this respect materials sci- 
entists have a role to play alongside veterinary prac- 
titioners and biochemists 141. Baillie and Fiford 151, 
for example, have analysed hoof structure-property re- 
lationships in order to understand the nature of car- 
tie hoof horn as a material. Animals are reliant on the 
hoof horn capsule for effective locomotion and the rne- 
chanical properties of hoof hom are therefore irnpor- 
tant [1). The mechanical properties of hoof' horn and 
other biornaterials can be routinely investigated by us- 
ing tensile. compression and hardness testini-, method..,, 
and this is recognised in the materials science approach 
to biornechanics outlined by Vincent 161, and Fraser 
and Macrae [7). Hoof' horn is designed to cope with 
different types of natural impact and an understanding 
of its structure-property relationships will facilitate in 
biornimetic design as envisaged by Vincent [6]. For ex- 
ample, measurement of stiffness ofhorn sheath keratin 
by three point bending experiments have been reported 
by Kitchener and Vincent [81, and Kitchener 191, Stiff- 
ness, which is tile resistance to deformation, can be 
measured by the deformation of' a material in uniaxial 
tension or compression using strain ", 11-12'eS tir exten- 
sorneters, and also by hending. Three point hending 
measurements are of particular relevance to hoot' horn 
material because the technique rniniics the in vive) situ- 
ation in the hoof capsule as compression occurs in the 
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hoof \vall resulting from its reaction with the ground 
[10,11]. 
Examination of samples by various forms of rni- 
croscopy is also important. For example, the nature of 
tubules and the intertubular matrix can be examined 
by scanning electron microscopy (SEM) and elemental 
mapping by energy dispersive X-ray analysis. The tubu- 
Iax density within the hoof horn matrix is important and 
it has been shown that there is a zonal arrangement [ 12] 
for horse hoof horn and that the type of tubule varies 
according to position in the hoof wall [ 11,131. Wilkens 
[14] has described the tubular nature of bovine hoof 
horn but did not quantify the distribution Of tubules. 
An alternative to the tried arid tested staining of micro- 
tomed sections followed by manual counting methods 
is to develop computer imaging techniques. 
The properties of keratinous materials are strongly 
influenced by their state of hydration [81 and it is well 
established that water will modulate many of the prop- 
erties ofhoof horn. For example, the effect ofwater on 
the stiffness and ý iscoelasticity of horn sheath inaterial 
has been reported by Kitchener 191. Similarly, the ine- 
chanical properties of hoof horn have been shown to 
vary with hydration by Bertram and Gosline [151 and 
it has been reported that the variation in tensile stiff- 
ness of hoof keratin with hydration level may be more 
important than its anisotropy 1161. Definition of mois- 
ture content before assessment of material properties is 
therefore important as the subjective "quality" of the 
hoof horn and the mechanical function of the material 
are likely to be influenced by this property. Moisture 
contents in the range 25-35.55%. have been reported but 
the results depend strongly on the drying method used 
and the sampling protocol adopted. Moisture content is 
dependent on relative hurnidity and the reports in the 
literature [8,151 for the results of mechanical testing, 
of biological samples at particular relative humidities 
suggest an exponential uptake of water with time. 
Whilst it is possible to examine morbid hoof saiii- 
ples, the most readily available samples come from clip- 
pings associated with routine hoof management which 
are noninvasive to the animal. The materials science 
knowledge base needs to be built up from a range of" 
clipped samples which have been collected and stored 
according to a clearly specified set of protocols, and 
samples for scientific study must come from defined 
points on the macrosample. Throughout the scientific 
and veterinary literature there is a lack of detailed in- 
formation regarding experimental methodologies and 
comparative studies are therefore difficult. Weaver [ 171 
reported that the physical properties of hoof horn from 
cattle are not easy to measure and that difficulties multi- 
ply when attempts to make comparisons are hampered 
by both the lack of standard approaches arid by vari- 
ables such as thes'election of test sample 
from the hoof 
and the environment of the stock. 
There are approximately 41 million donkeys' in the 
world compared with aboýt 65 million horses [ 18] and 
despite the fact that there are obvious differences in 
I Horses and donkeys both belc-ng to the vencric category of oquids hilt 
donkey', ae physiologicallý dificit-iii froin hor, cý. Only the lattei are 
,! quines. 
hoof size and an-le of hoof wall [ 191. Lind sole thickness 1 
[20] there is little reported work on donkey hoof. The 
Donkey Sanctuarv. SidmOL11h, TLIK houses a large clon- 
key po ulation %A, 
iiich is generally Unshod, from which p 
a representative sample has been identified. This paper 
reports the initial reSUIt' for SCICCted leChni(ILIeS froM 
experiments on donkey hoof horn samples. 
2. Experimental 
2.1. Samples 
Suitable clippings ot'hool horn from the right forelco I 
were obtained by farriers dUrim, regular hoof mainte- 
nance and sharp hoof Cutters WeIT LISCd in ordei to pre- 
vent tearing ot'llic saml)1e. The samples were wral)I)ed 
jmrnediatcýv in thFee Medappijhl kl\el-S 01' Pill-: 11i1n) 
(Parafilm -NI" Laboratory Film, Ain(--ric: in National 
Can"-"'. CT06836, USA) to make an airtiglit scal which 
moulded to the ýhapc of the saml)1e. , rhe labelled, 
wrapped samples \k ere then stored at 4C 1)nor to ex- 
amination. The portions renio\ ed for testino ký erc from 
the midline dCaLl Centre sitC (ýNIDC) 1121 as , homi in 
Fig, 1. 
2.2. Determination of moisture content and 
effect of relative humidity 
Clippings were obtained from an idClIlified I)OI)LI1,16011 
of 31 donkeys from Si(III)OLUJI. TIIC 1'0110\011ý1 di-vill" 
reginies were employed: 
" Room teinpcrature 
" Drying under vacuum at room temperatme 
" Placing over phosphorus pentoxide 
" FrOe7e dryin,! 
" Oven drying ai 90,100,105,1 10 and 120 C. 
Masses were recorded dailý until a constant IcNcl ýýas 
observed alld 1110'PAUre C011WHIS \ýCrC detCrillined a,; ý1 
percentage ofthe dry mass. 
Similar samples were prepared and SL1b. jCCtCd 10 dif- 
fercrit environnicnis havinto relative 11U1111ditiCS in the 
range6.5-93ý'ý( by sus'pending them 0VCrSý1tL1F, 1tCd S0111- 
Lions of specified salts'. Again. masses were monitmed 
daily until constant and then the samples were dried 
over phos'pliorus pentoxide at rooni tenipcrat tire. 
In an alternative approach to investi, -, ating the ef- fect of relative hUnlidity, samples were initially dried 
over phosphorus pentoxide and then suh 
, 
jected to cii\ i- 
ronments havino relaike humidities in the jamu 3.2 - 99.2% provided by aqueous SUlPhL11-iC aCid 1,01LIUMIS. 
2.3. Tubule density 
Trajisver, se ýccfiom, (thickneýs 10-12 /mi) froln the 
MDC samples xerc obtained using a inicrotome/ 
cryostat at -20 C. Tývpically, the sections were stained 
using haernatoxylin, eosin and alcian blue-PAS. A 
tubule COLInt per unit area to InIiVe ý[ tubule density was 
then carried out on photographs laken of the . "licles by macrophotography LISing the principle outlined hy 
Reilly et al. 1121. 
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2.4. Three point bending 
In order to avoid possible differences in stiffness due to 
tubular orientation, samples were taken frorn the NIDC 
of clippings and milled into beams (1hoof v, all width x 
30 rn- x2 mm) cut perpendicular to the line of the 
tubules. Samples were subjected to three point bending 
at 20 ýC and 60% relative humiditv using an Instron 
4302 with a 100 N loadcell and a crosshead speed of 
" mrn min-' [6]. Samples with a span of 24 min were 
tested to a deflection of 0.5 mrn following preloading to 
- 0,04 N in order to minimise the effects of backlash 
and specimen curvature. Samples were tested as fol- 
lows: I, resh (stored as described previously to prevent 
loss of water); dried over P-205 to constant mass; fully 
hydrated (placed in distilled water until constant mass); 
subjected to an environment of 75% relative humiditv 
(1111til constant mass). 
Compliance for the testing system was determined 
by carrying out an experiment with a riOid aluminiurn I 
specimen which had a stiffness greater than that of the 
load frame. A correction factor was then applied to the 
results for the stiffness measurements on the hoof horn 
samples. 
3. Results 
3.1. Determination of moisture content and 
effect of relative humidity 
Constant Sample masses for 31 samples were obtained 
after about 5 days, using freeze dqing and 24 hours 
using oven drying regimes, whereas similar Observa- 
tions were made after about 10 days, for roonj IL! Ill- 
perature drying and drying over phosphorus pentoxide, 
Moisture t: onlcntý were in the ramu 25 351ýý and irc 
SUrnmarised in Fig. 2. In both approaches, the nwi.. "ture 
content at room temperature rapidly increased \A ith in- 
creasino relative humidity and this is shown in Fig. 3. 
3.2. Tubule density 
section A pho(o=oraph of a tlypical qained nucrotomccl 
of donkey hoof wall is shown in 4. For the purpose" 
of comparison with the results for pon) hoofprcviouslý 
reported by Reilly 11211 the hoofwall was divided into 
four zones. A mean tubular density of 19 tubules nim 2 
was obtained for zone I of the Outer hoof Ný al I ýý ah 
the remaining three zoncs having 8-9 tubules nim I. 
The results are surnniarised in Table I which includes a 
comparison with pony hoof. 
3.3. Three point bending 
The plots of stress \, s deflection show a Hookean re- 
lationship. Typical stress -d e fl ection plots for samples 
stored under di ffere nt env i ron ments are shown in Fi g. 5, 
The results f6r the 1110dUlUS of elasticity calculated from 
these plots are surnmarised for the different storage 
regimes in Fig. 6. In some cases after drying over P, Oý 
the samples were too Curved for the exj)crimcnt to be 
performed effectively. The data set for samples tested 
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TABLE I Tubule den si cy within the donkey hoof wall of MDC samples 
Samples Outer wall Inner wall 
Donkey Zone I Zone 2 Zone 3 Zone 4 Tubules rnin 
n=7 Tubules mm- 2 Tubules MM-2 Tubules mm-2 TUbl,, , -2 (full %kall width 
Mean 19 8 8 9 11 
Range 7-41 3-14 3-12 4-14 3-41 
Ponies* > 27 16-27 8-16 8 16 
*The zones used by Reilly H 21 do not relate exactly to the zones used above but provide a general guideline. Ponies. are us ua IIy defined a, horses 
under 14.2 hands at the withers. 
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3 f1lots ofmoistuie content vsrelauve hunudity I-or don key hoot'horn samples. 
with a fresh moisture content showed a non-normal dis- 
tribution (p < 0.05) but the data set after correction for 
moisture showed a normal distribution. Mann Whit- 
ney U tests showed differences between all data sets 
(p < 0.0001) except for the comparison of data from 
the measurements of stiffness on fresh and fully hy- 
drated samples (p > 0,05). 
4. Discussion 
To understand the biomechanical function ofhoof horn 
material it is i'llporlant to estahlish the relation.,, hips he- 
tween moisture content. relative humidity, tuhular dcn- 
sity, structure and mechanical properties. In order to 
make progress the fundamental iS", LleS associated "ith 
each of thew areas of i, jjc, -e,, q 1-nus, hc fujjý, exarjilleti. 
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Figure 5 The effect of moisture on plots of siress vs deflection for donkey hoot horn. 
Comparison with previously reported work on mois- 
ture content is difficult as a variety of different dry- 
ing techniques have been employed. Reported mois- 
ture contents for horse hoof include 27.1 % by Miyaki 
et al. [211,27.9% (outer wall), 35.5% (inner wall) by 
Douglas el al. [22] and 17-24% bv Leach II I] but 
there appear to be no reported comparisons with rnois- 
ture content in donkey hoof hom. The results for the 
donkey hoof samples examined in this work broadly 
agree with those reported for horse hoof, although the C, 
experimental approaches and sampling protocols used 
by different workers vary. 
The level of hoof wall hydration can be adjusted in- 
ternally by fluids from within the dermis, from direct 
contact with water [151 or possibly by the relative hu- 
midity of the environment. Bertram and Gosline [15] 
deduced that the in vivo moisture content of the horse 
hoof was in the range 65-83% relative humidity and 
that maximurn fracture toughness existed at this level. 
Using the principle outlined by Bertram and Gosline 
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[ 151 for a hoof moisture sorption isotherm, the results 
shown in Fig. 3 indicate that a moisture content of 33% 
in donkey hoof corresponds to a relative humidity en- 
vironment of about 96%. It is possible, however, that 
differences are due to different drying techniques and/or 
sample sites from the hoof clippings. The apparent neg- 
ative result for the donkey hoof sample equilibrated in 
the 3.217c relative hurnidity environment provided by 
the vapour above sulphuric acid is because after drying 
of the sample over PO. j there was, a mass loss rather 
than a mass gain. Thus there inust have been a tran- 
spiration of water vapour from the sample to the atmo- 
sphere in the humidity charnber in order to preserve the 
equilibrium state. Hysteresis effects are well known in 
absorption/desorption experiments carried out on the 
sanie sample and the differences between the two sets 
of data on Fig. 3 may well be a consequence of this 
phenomenon: samples equilibrated in relative humid- 
ity environments provided above the saturated salt SOIU- 
tions were subsequently dried, whereas those subjected 
to the relative humidity environments provided above 
sulphuric acid solutions were dried before exposure. 
It is clear that in order to compare samples a start- 
dard drying approach must be used. This study shows 
that different amounts of water can be extracted from 
the hoof material by different drying reginies. There 
is a longer equilibrium time, typically 10 days, associ- 
ated with drying over P205. Air drying leads to a larger 
variation and the results are dependent on the relative 
humidity, Fig. 2 shows the difference between air dry- 
ing and drying over a P205 desiccant. For laboratory 
approaches to the drying of samples, processing times 
may be of importance. Techniques such as oven drying 
at high temperatures to ensure a fast drying time nlay 
lead to volatilization or decomposition of the sample. 
The loss of rnass in these instances may, however, rep- 
resent a loss of very tightly bound water or possibly 
some other volatile component of the tissue [15, -131. 
This may not therefore be the ideal method to attain dry 
samples ifniechanical testing is to follow as fibres in the 
drier outer lavers may be torn apart and splitting may 
occur internaily or externally if the moisture gradient 
becomes too steep. This phenomenon has previously 
been demonstrated for wood [24], Mechanical testim! 
following this drying may then Vield results from in 
alreadv stressed material. 
Tubular density within hoot'horn is aileged to lie ini- 
portant in hool"quality" and to influence hoOj'ljajdjjc, _,, ý 
1-151. Tubule densities have been reportcd foi se%cral 
species but details of' the sampling methodologic,, are 
not always clear. These initial rcsults suggest that there 
may be differences between the zonal tubular dvnJ- 
ties of pony and donkey hool'horn althOLhIh both 11,1\0 
higher tubular densities in the outer houl' wall. Tubular 
density may well have an influence on (lie inechani 
cal properties of the hoof horn inaterial and thus the 
difl'crence between hydration effects bCt\VCCII equine 
and donkey hoof horn may be a consequence of' the 
differences in tubular characteristics. The Lubular den- 
sity pattern fOrpony hoof prcviously reported bý Reilly 
et tit. [ 121 showed a distinct arrangement of' four zones 
and this zorial arrariLement was not seen in these Lion- 
key hoof samples although there are similarities in tile 
outer zone. These differences in tubule densitv across 
the hoof wall inay be linked to the differences in moiý- 
ture content. 
The stress vs deflection plots show aI lookean rcla- 
tionship for clonkey hoof" horn, which is in agieenicnt 
ýkith results of work preý iously reported by Leach and 
Zoerh 1261 and Landeau el tit. 1271. From their work on 
stress-rclaxation compression tests. Landeau et tit. 1271 
concluded that equine hoof horn material hehaves as a 
linear viscoclastic material. The results of the bending 
experiments reported here confirm that samples shoUld 
he controlled for moisture content as there are cleardit'- 
ferences in the force vs exten,,, iori plots, shown in 12i,,. 5. 
forsamples which have been ; uh. jected todifferent envi- 
ronments. Bertrain and Goshne 1151 have reported that 
horse hoof exists with a moisture content correspond- 
ing to - 7517r, relative humidity and ) et for this study Z_ - on donkey hoof it can be seen from Fjo. 6 that there 
are considerable differences in stiffness hoween sam- 
ples having a fresh moisture content and those at 751, ý. 
relative humidity (p < 0.0001 ). in comparison, there is 
no significant difference between the results for sajn- 
pies with a fresh moisture content and those which have 
been hydrated (1) > 0.05). Thjs observation reinforccs 
the fact that the results f1`0111 moisture content studies 
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indicate that donkey hoof has an in vivo moisture con- 
tent which corresponds to a relative humidity environ- 
ment of - 96%. As expected, moisture content clearlv 
has an influence on the stiffness of hoof horn and this 
is seen in Fig. 6 where stiffness of dry samples is about 
10-15 times greater than those with fresh Moisture con- 
tent. Similartrends have been reported by other workers 
[8,15,22]. For example. Kitchener and Vincent [81 re- 
ported an increase in stiffness by a factor of about 40 
for zemsbok horn when fresh and dried samples were 
compared. The level of difference between fresh and 
dried samples mav be due to the use of different dry- 
ing regimes (gemsbok horn was dried at I 10 'C for 
24 hours) but it may also be associated with the differ- 
ent anatomy and functionality of the horn material. As 
with moisture content studies, comparison with other 
studies reported in the literature is difficult. as the de- 
scriptions of sampling, sample preparation and testing 
are unclear. Variables include: the type of mechanical 
test used to evaluate the modulus of elasticity, E, as it 
is not uncommon for the tensile strength in bending to 
be considerably higher than that in direct tension; the 
level of hydration of the sample: the areaof hooftested- 
different areas of the hoof may have different levels of 
hydration. the cross head speed used in bending mea- 
surementq. 
The experimental work reported in this paper has 
been focussed on the specific property of stiffness as 
a function of moisture content and the tubular struc- 
ture of the hoof wall has been discussed in relation 
to mechanical properties and moisture content. Clearly 
tile way forward involves a more detailed structure- 
property analysis which takes account of the coinp(--)s- 
ite nature of this natural material. Thus, not only the 
tubules, but other structui a] features should be consid- 
ered in further work. 
5. Conclusions 
Hoof horn material is a composite natural material 
whose normal characteristics have not yet been prop- 
erly defined. The interdependence of moisture content 
aný role of water, morphology and biomechanical 
properties can only be explored by investing in links 
between veterinary science and materials scicrice to 
provide a better understanding of the structure -function 
relationships. 
it is important to establish the sampling protocols 
in order to investigate moisture content and the 
effects of relative humidity. 
The results from tubular density measurements in- 
dicate that there may be differences between the 
morphology of hool'horn from different eqUids. 
The results from three point hending experinicnts 
show that stiffness is a function of' moisaure 
content. 
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LAMINITIS AND THE HOOF HORN CAPSULE 
J. D Reilly'ý', S. N. Collins2, B. C. Cope 2, L. Hopegood2, RA Latham2. 
1. Royal Army Veterinary Corps. 
2. De Montfort University, Faculty of Applied Sciences. Leicester. 
Laminitis poses a significant threat to all domestic equidae. It is a serious and painful condition that 
results in acute or chronic lameness, which may lead to humane destruction of the afflicted animal. 
As a result laminitis raises many welfare and management concerns. In addition, many owners of 
sporting equids will have suffered the frustration of not being able to realise the animal's true 
athletic potential. 
Although the predisposing causes of laminitis are varied, they trigger a systemic disturbance that 
manifests itself at the level of the foot. This results in disruption to normal blood supply leading to 
vascular compromise, tissue damage and degenerative changes within the foot. 
Research into laminitis has predominantly focused on the impact of the condition on the dermal 
tissues, the lanfinae, which lend their name to the condition. However the progression of the disease 
is also associated with changes to the visual appearance of the hoof capsule, most notably to the 
hoof wall and white line. These changes may include irregular thickening of the hoof wall, 
divergent growth rings on the outer hoof capsule, irregularities in the shape of the hoof capsule, 
thickening of the periople, and widening of the white line. Production of horn of 'Inferior qualitv' is 
also said to occur with laminitis, but scientific ways ofassessing this, as well as the response of the 
hoof wall to different nutrients either in the normal or in the diseased states, are in their infancy in 
scientific terms. 
Our research group is interested in quantifying these changes in a non-invasive research programme 
which studies samples of normal and diseased hoof horn. The existence of the group has been made 
possible by generous funding from the Horserace Betting Levy Board, The Donkey Sanctuary and 
from Dodson and Horrell Ltd. 
The subject is anatomy based and so it is necessary to cover complex areas of the hoof capsule 
architecture. The intricacies of it may surprise the reader who always thought that the hoof was a 
monolithic slab of rather 'dull' material! 
Hoof Capsule anatomy 
The hoof is a highly evolved locomotor organ of epidermal origin. It has a complex three- 
dimensional structure and consists of a horny capsule made of epidermal tissue, which encases 
bones, joints, ligaments, tendons, bursae, nerves, blood vessels, and connective and fatty tissues. 
The tissue in which nerves and blood vessels run is called dermal tissue and this supplies the 
epidermal hoof horn capsule with its nutrients. 
The hoof hom capsule and its contents are collectively known as the 'foot'. 
The visual parts of the hoof capsule can be divided into wall, sole frog and white line 
The Hoof wall 
The wall is that part of the hoof that is visible in the standing animal. It makes up the largest part of 
the hoof capsule and it has a major function in weight bearing. It is divided regionally into toe, 
quarters and heel and at the bearing border it is reflected at the heels to form the 'bars'. The major 
part of the wall grows downwards from the coronary band and it has a cellular architecture, 
composed of horn tubules and intertubular horn, which can be seen microscopically when the hoof 
wall is cut in cross section. The horn tubules are produced by cells overlying dermal papillae, which 
protrude for short distances into the hoof wall at the coronary band and the intertubular horn, is 
produced from cells lying in the interpapillary regions. The full thickness of tile hoof wall can be 
divided into three layers; stralum externum, the stratum inedium and stralum internum. 
The stratum exterlium, or periople, is also composed of tubular and intertubular horn. It is believed 
to have high lipid content and to act in water control and in protection. This part of the hoof turns 
milky white when wet. 
The s17-atun, mediurn, comprises the largest part of the wall, It has a well-defined tubular and 
intertubular architecture. In the pony and the horse it can be further sub divided into distinct layers 
or zones based on the distribution of these horn tubules. 
Thestratum internum, is composed of interlocking leaves of dermal and epidermal tissue known as 
laminae. This arrangement forms a large surface area of contact to allow firm bonding between tile 
hoof wall and, ultimately, the pedal bone via the dermal connective tissue. 
These anatomical features of the wall allow it to effectively deal with multidirectional forces during 
weight bearing and locomotion. 
The sole 
Solear horn is also composed of tubular and intertubular horn and is produced from tissue overlying 
the base of the pedal bone. 
Th e frog 
This is a readily recognisable V shaped structure on the underside of the hoof capsule with its 
narrowest part pointing for-ward. In the middle of the frog is a groove referred to as the central 
sulcus- on either side of the frog, between it and the respective bar for that side, is another groove 
called the collateral sulcus. The frog is made of a rubbery form of horn, which is thought to 
function as an anti-concussive device, a non-slip device and possibly as an aid to blood circulation 
within the foot and limb. It may also help facilitate expansion of the heel under load. However, the 
frog is not the only 'expansion device' within the hoof capsule: 
The white line 
This forms a junction between wall and sole at a point below the internal dermal laminae. It is 
thought to aflow some independent movement between the wall and sole during loading, thus 
preventing catastrophic failure of the hoof capsule. 
The white line is an important indicator for the farrier and for the veterinary surgeon. The position 
of the white line determines the placement of nails during shoeing. German research workers also 
recognise the importance of the white line as it reflects the state of the "suspensory apparatus of the 
pedal bone". 
The white line is a complex three-dimensional anatomical structure, formed by horn contributions 
originating from the epidermis overlying the dermal or 'sensitive' laminae. Horn production from 
different parts of the stratum ititernum produce the components that make up the white line. These 
are: Lamellar horn of the epidermal or 'insensitive' lamellae, Terminal horn, and Cap horn. 
Lamellar horn 
Horn production from the basal cells overlying each adjacent pair of dermal or 'sensitive' laminae 
combine to form the lamellar horn. This horn is produced along the entire extent of the laminae 
from near the coronary band to near the bearing border. It forms the horny or 'insensitive' lamellae 
which interdigitate with the dermal laminae to form the "suspensory apparatus of the pedal bone". 
Cap horn 
This is produced by the basal cells overlying the papillae that bud frorn the crest of each individual 
dermal or 'sensitive' lamina. 
Terminal Horn 
The lowermost edge of each dermal lamina is marked by the formation of terminal papillae and it is 
this region of the dermal laminae that generates the terminal horn. This is produced by the basal 
cells overlying the distal margin of each dermal or 'sensitive' lamina. It is also composed of tubular 
elements originating from the cells overlying the terminal papillae. This material occupies the area 
between the adjacent lamellar horn and extends from the lowermost margin of the dermal laminae 
to the bearing border. 
In this way the components of lamellar, cap and terminal horn combine distally to form the 
functional complex that is the white line. 
Little is known about the precise effects of laminitis upon the structural organisation of the hoof 
capsule. Following laminitis, it has been suggested that the white line widens as the laminae are 
stretched following inflammation of the dermal laminae. In addition, the horn material produced 
following this laminar damage is said to be altered and inferior in nature, thereby predisposing the 
hoof to microbial invasion. In severe cases of total failure of the "suspensory apparatus of the pedal 
bone", a second white line may be formed. It is also possible that changes occur to tile stratuln 
medium of the hoof wall that are yet to be discovered, What is already known is that the rotation of 
the pedal bone causes an abrupt change to the orientation of the horn tubules at tile level of the 
coronary band, and a simultaneous compression of the dermal papillae. The precise effects of these 
changes upon horn production are yet to be quantified. Hence the objective assessment of horn 
changes within the wall, white line and other areas of the hoof capsule, at the microscopic level, 
represents an important area for study in order to advance our knowledge and understanding ofthe 
laminitic condition. 
The hoof capsule may provide us with valuable sources of evidence of laminitic change and allow 
us to investigate the effects of the disease still further. It is time to carry out this investigation in an 
objective manner by identifying and measuring critical structural and functional components of the 
hoof capsule that are changed by laminitis. By comparing these with clinically normal anfi-nals 
under appropriate control conditions, it may be possible to establish differences that occur as a 
result of larninitic insult. 
In this way it will be possible to establish: 
" Normal anatomical parameters for different parts of the hoof capsule. 
" The parameters that are affected by laminitis. 
" The progression of the disease at the level of the hoof capsule. 
Whether different parameters are affected in different stages of the disease, 
Whether there is variation between individual animal's capsular response to laminitis. 
The effect of individual variation in recovery. 
The potential opportunities afforded by such an approach are considerable. These include the 
identification and/or establishment of 
" Diagnostic markers for the disease. 
"A cost-effective adjunct to X-rays. 
"A means of monitoring the progression of the disease and response to therapy. 
"A method for rapid and widespread screening for laminitic change. 
" Prognostic markers. 
By investigating the effects of laminitis upon the hoof and by developing an understanding of the 
functional consequences of such changes, we will be in a better position to be able to recognise 
markers for the condition, screen for it, design enhanced management regimes and therapeutic 
strategies, and objectively evaluate the effects of implementing them. This will undoubtedly benefit 
the animal's welfare and management and help those that require it, to return to top form. 
Funding bodies and sponsors must now recognise that this is an important and neglected area of 
veterinary research. 
Further Reading: 
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ABSTRACT 
The introduction to this paper summarises the objectives of the 
two previous c6lloquiums and highlights how the results should 
form the framework of project development based on a multi- 
disciplinary approach to epidemiological survey. 
Information from many countries suggests that the demise of 
the working equine will slow down or stop in situatiors where 
the terrain, politics or economic pressures extend the popularity 
of 'our beasts of burden' as a source of draught power. This 
may act as an incentive to improve the welfare of working 
equines, thus providing an appropriate environment for equine 
health, weifare and management projects. 
Project development is discussed in terms of cost effectiveness, 
feasibility and sustainability with education at the primary level 
being highlighted. The importance of a clear and concise 
extension message for the diverse populations that work with 
equines is also mentioned. 
The conclusion of the paper gives examples f, om the 
International Donkey Protection Trust where research projects 
combine with hands on animal welfare projects to adcress the 
key points. These include "the thin equine, the lame or 
wounded equine and the diseased equine". Strategi,: use of 
modern day drugs and/or traditional/alternative medicines and 
the use of improved husbandry techniques form pail of the 
future project programmes. 
INTRODUCTION 
The initial step in collaboration between and within disciplines 
started at the first colloquium held in Edinburgh in September 
1990 (Donkeys, Mules and Horses in Tropical Aghcultural 
Development, Fielding and Pearsoni-1991). Accordirg to the 
organisers the end result was a most stimulating and interesting 
colloquium that also proved to be a lot of fun. The., material 
presented was based on delegates' own experien--es and 
individual research work. This formed a good t)ase for 
information exchange, but needed to be developed. 
The second colloquium held in Morocco in 1994 was another 
important opportunity for research workers, clinicians, E'xtension 
officers, educators and project administrators to gather 
together. It provided a comprehensive review of the current 
knowledge and experience of ail aspects of the working equine 
and reviewed progress since Edinburgh, also looking at the 
needs and cipportunities for the future. 
91 
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As a result of these two colloquiums it is proposed that future project development be of a 
multi-discipfinary research nature, based on epidemiological survey. 
Andrew Prentis (1994) in his keynote address in Morocco cited mechanisation as a cause for 
the demise of the working equine population with the transition phase being particulaýy 
difficult for individual animals and the loss of and neglect of traditional husbandry methods 
leading to some of the worst conditions for equidae. 
Whilst there is no doubt that the invention of the wheel has led to the demise of the working 
equine I suggest that the wheel is about to turn full circle. 
One day fossil fuels will run out, but before that their value will increase, making fossil fuelE 
inaccessible to the ever increasing population. Draught equines will continue to play a majo: 
role into the 21 st century. 
In 1970 1 treated up to 20 mules and donkeys a day in Trench Town, Jamaica. Today YOL 
will find but one cart in Trench Town and ye[ the government of Jamaica is supporting a MUIE 
breeding programme. IDPT is also trying to address the acute shortage of donkeys stil 
required by the coffee and sugar cane industries of Jamaica. This is not subsistenCE 
farming; this is big business. 
The donkeys proven drought and disease resistance has led to their use in Northerr 
Zimbabwe as draught power to replace the oxen which perished during the drought of thE 
early 1990s (Barrett, O'Neill and Pearson, 1992; Morriss, 1995) 
In countries like Yemen and Eritrea the donkey will remain a key working equine due to th( 
terrain and continual use of terraced agriculture (the hanging gardens of Yemen). 
The politics of Eastern Europe have led to a revival in the fortunes of the working equine thz 
will not be reversed during my working life. Bulgaria, Albania and Romania use many mor 
working equines today than five years ago. 
THE BASIS OF PROJECT DEVELOPMENT 
At the TAWS (World Association for Transport Animal Welfare and Studies) seminar (I 99E 
it was suggested that the following protocol be adopted for project development. 
" Epidemiological Research. 
" Provide beneficiaries with their requirements (not what vou think they want! ) 
" Inclusion of project evaluation costs. 
" Cost effective evaluations. 
Better to spend money on project evaluation and epidemiological research than waste monf 
on a pet project. 
IMPLEMENTATION OF PROJECT DEVELOPMENT 
Initially any form of treatment which gains the confidence of the recipient is useful as long 
it is followed by a programme designed to implement the results of epidemiological researr. 
for future generations of equines. 
Education methods aimed at today's equine owners by television and other media covera 
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are short term. These should be supplemented with specific equine informalion and 
technical books to Veterinary Universities and Agricultural schools. (for example Svend, sen, 
E. D. 1997b - Professional Handbook of the Donkey). I 
Long term benefit should be aimed at introducing equine health and welfare programmes into 
the school curriculum by lobbying policy makers. Dr Svendsen has written several children's 
books which are country specific and written in the local language and English; to date books 
have been written for Ethiopia, Jamaiýa and Mexico (Svendsen, 1996,1997a and 1998). 
This is a very gentle approach to improve animal welfare, the results of which will not become 
apparent for several years. 
In the Bible, Matthew 19, verse 30 'But many that are first shall be last; and the last shall be 
first'. In the past, projects have come first and beneficiaries last. Now, beneficiaries need to 
be considered first so they can contribute to project planning and development. 
ECONOMICAL AND SUSTAINABLE VETERINARY MEDICINE 
Economical and sustainable veterinary medicine requires emphasis on traditional medicine. 
At the ATNESA(Animal Traction Network for Eastern and Southern Africa) worlýshop in 
Ethiopia in May 1997 (improving Donkey Utilisation and Management), one of tne most 
popular evening workshops focused on the use of traditional medicines but specific 
information was hard to come by. Examples were (Starkey, 1998): - 
Wound healing - ash (universal), salt, papaya leaves (Zimbabwe), peach leaf poultice 
(South Africa), maggots (Jamaica, Pakistan, South Africa, UK). 
Worms - tobacco extract (Ghana, Namibia), aloe (South Africa), garlic (Ghana). 
Diarrhoea - chimney soot (Kenya). 
Skin disease - used engine oil (universal), sulphur and coconut oil (Jamaica), vaseline 
(Zimbabwe). 
This was highlighted by Cheryl McCrindle at TAWS seminar in April 1998 in London when Dr 
McCrindle talked about the use of traditional and affordable treatment in traction animals. 
Examples of utilising normal household materials were: 
" sugar or honey - stop bleeding, loosen dirt, facilitate cleaning and promote granulation. 
" salt solution - clean wounds, acts as a mild disinfectant and used in an eye wast- mixture 
for rehydration. 
Flowers of sulphur - used topically against dermatophytes, mites and lice. 
EVALUATION OF BASIC HEALTH PROBLEMS 
The need to evaluate on an internal country specific basis the epidemiology of bas. c health 
problems, as identified by Andrew Prentis (1994) in these key points: 
" The thin equine 
" The larne equine 
" The wounded equine 
" Equines in respiratory distress (not necessarily coughing) 
" Welfare 
In Garissa, Kenya, several male donkeys were presented for castration, but the p-ocedure 
was not carried out due to their poor body condition. The initial advice was to worm the 
donkeys in preparation for a future operation, but during a general examination of these 
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donkeys to determine their age it was discovered that all. had dental abnormalities which were 
contributing to their condition. 
By good judgement and planned hard work the thin donkey has been almost eliminated from 
Lamu. 
The secondary effects have been a marked reduction in body sores from ill fitting harness 
and less beating of the animals as they have the energy to perform their tasks willingly. The 
negative effect however is increased libido in the stallions causing behavioural problems and 
threatening the social fabric of the local community. 
The introduction of a controlled breeding programme is now long overdue, but with cultural 
difficulties arising from the traditional beliefs of the Muslim donkey owners it is proving 
difficult to implement. The demonstration of a modern castration technique and the resultant 
improvement in behaviour and body condition in donkeys in Garissa, Kenya, has convinced 
future owners to castrate their donkeys. 
Perhaps the most neglected area of research in donkeys is the phenomena of in-breeding. 
In closed populations such as the donkeys on the Turks and Caicos Islands poor physique 
based on lack of skeletal development appears to be the main problem although poor hoof 
development may also be a consideration. 
it is vitally important that genetic research be carried out to identify areas of countries with an 
inbreeding problem. Ethiopia may provide good examples of this regional variation, 
Through collaboration it may be possible to identify a primary cause for poor body condition 
in Kenya, lameness in Ethiopia and body sores in Ecypt. 
RESEARCH DIRECTIVES 
Although the conditions may be inter-related researchers tend to analyse one aspect which 
relates to their training as a nutritionist or parasitologist rather than the overall epidemiology. 
Single Discipline 
The prohibitive cost of anthelmintics and increased publicity on anthelmintic resistance 
initiated a research project at the Donkey Sanctuary. 
The first project presented as 2 paper at the WAAVP meeting in South Africa in 1997 was 
entitled "The use of Ivermectin for the control of strongyle species in the donkey; EqUUs 
asinus, using the egg reappearance period (ERP) as the parameter for assessment of 
efficacy". 
Many modern day anthelmintic; programmes for the control of endoparasites in equidae are 
based on the use of broad spectrum anthelmintics every 4-8 weeks -a regime that may be 
encouraging the development of resistance. 
Research was undertaken at The Donkey Sanctuary to investigate the possibility of slowing 
down the development of resistance to anthelminfics and the possible reduction in the 
incidence of cyathostomiasis using faecal ERP as the criteria for periodic anthelmintic 
dosing 
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The trial was conducted at four of The Donkey Sanctuary farms in Devon. The donkeys were 
given Eqvalan (Ivermectin) at a dose rate >200pg/kg prior to spring turnout. The fa-ýýcal egg 
count (eggs per gram - EPG) was then monitored using the Modified McMaster tech'lique by 
random sampling 15% of the herd. A total of 1521 donkeys were chosen using a 
randomisation programme and faecal sampling commenced eight weeks post worming and 
then fortnightly until the ERP reached the level of, 25% of the herd having a faecal eigg count 
of more than 200epg (Uhlinger, 1992). 
The results of this trial show that with good pasture management and favourable climatic 
conditions the periodicity of dosing can be extended to allow anthelmintic dosing at spring 
turnout and prior to winter housing (up to 22 weeks) by closely monitoring the ERP. 
This regime is now policy at The Donkey Sanctuary and will hopefully reduce the onset of 
anthelmintic resistance and produce a cost saving on purchase of anthelmintics that will 
exceed the increased Costs Of laboratory labour and materials producing a real financial 
benefit. 
How does this benefit the rural donkey in Ethiopia or anywhere else in the world. 
The development of these trials allows the development of better strategic worming policies 
based on local weather conditions (predictable rainy seasons) and grazing : )atterns. 
Unfortunately El Nifio has rather disrupted these predictable conditions 
The lack of information on products available specifically for donkeys led to researcri on the 
specific problem of liver fluke in donkeys. Trawford and Tremlett, 1996 found that of 60 post- 
mortem examinations performed on Irish donkeys transferred to The Donkey Sanctuary 
Fascicle hepatica was identified in 17%. More recently of 200 faecal samples 8. ý)% were 
positive for Fasciola hepatica eggs. Blood samples taken from these donkeys before death 
indicated liver enzyme levels within normal range and it was noted at post-mortem 
examinations that there was very little reaction to the presence of the flukes in the bile ducts 
or liver tissue of the donkey. 
Patent liver fluke infection does occur in the donkey and control of the parasite is therefore 
recommended, as good pasture Management includes grazing sheep on donkey pa; tures to 
reduce pasture larvae burdens. 
Since clinical symptoms of the disease are rarely seen, diagnosis is based entirely un faecal 
examination for fluke eggs by modified sedimentation techniques. 
Treatment - although not licensed for use in equines triclabenclazole (Fasinex) at a cose rate 
of 12mg/kg bodyweight is effective. 
Collection and Collation of Information 
initial investigation often begins with a questionnaire, that relies on owner knowledgE or even 
anecdotal information and observations. Evaluation of this information and the observations 
channels the researcher. 
Collaboration on Body Scores 
At the present time at least two systems are used for assessing body condition (scoring). It 
is important that one system be universally adopted. Other examples relate to estimations of body weight and blood biochemical parameters. 
LI 
Universal Lanauaae 
Experience at The Donkey Sanctuary in Devon has shown that even within one organisation 
the employment of three veterinary surgeons has resulted in failure of data retrieval due to 
the diversity in terminology used. This must inevitably be happening to a greater extent 
between and within international bodies. 
Funding 
Charities, Universities and pharmaceutical companies provide funds or are funded by 
organisations that demand certain disciplines be evaluated. The benefits of multi-source 
funding would lead to the removal of individual bias. 
Multi-disciplinary 
A multi-disciplinary approach to research and health and welfare allows the maximum use of 
resource with a minimum amount of expenditure. 
Trypanosomiasis 
Through work at KETRI which Dr N'dungu has presented in more detail in his paper on 
trypanosomiasis in the donkey, we are just beginning a new venture to evaluate 
epidemiological factors using multi-disciplinary groups, 
Donkeys show a variable degree of resistance to trypanosomiasis making them a major 
source of draught power in tsetse areas. The following trypanosome species are found in 
equidae: - 
T. brucei 
T congolense 
T equiperdum (Dourine) 
T. evansi - equinurn 
T ViVaX 
Pathogenicity for horses is recorded as highly pathogenic for T. brucei and T evansi and less 
pathogenic for T. congolense, T. vivax and T. equiperdum. Donkeys follow a similar pattern 
with T. congolense often presenting as a chronic form of the disease. 
The Intemational Donkey Protection Trust has sponsored work on trypanosomiasis at KETRI 
(Kenya Trypanosomiasis Research Institute). Results have indicated that mixed infections 
are the most common and seasonal variation in pathogenicity may occur due to 
"trypanosome challenge" (the number of bites in a unit time). Further research includes 
investigation into evidence for or against trypano-tolerance in donkeys and possible regional 
differences in pathogenicity and incidence. Also addressed is how to reduce the incidence of 
trypanosomiasis in donkeys to further promote their use in tsetse infested areas. Methods 
under investigation include: 
Treatment of infected animals. 
Control of contact with potential reservoirs of infection (wildlife and other livestock). 
Control of tsetse fly populations. 
Improved resistance through improved management and welfare. 
Breeding for trypano-tolerance. 
- 
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Although the paper compares tne incidence of trypasomiasis in two districts of Kenya Dr 
Githicri has carried out general health evaluation of all donkey in these areas. In Nguraiman 
for example the Masai only use their donkeys for four months of the year. Some ofthese 
very fit healthy donkeys have worm burdens in excess of 6000epg, but adequate nutrition 
and natural immunity allow these animals to maintain body weight during this workin... ] period. 
0ther village donkeys used on a daily basis do not fare so well but this more likely a 
combination of nutritional deficit, work and parasitic burden. 
Harnessing 
The Kenya Society for the Protection and Care of Animals (KSPCA) treats an average of 
6,000 donkeys annually, 90% of which suffer from severe harness sores. The International 
Donkey Protection Trust (IDPT) and KSPCA with the help of saddlery consultants from The 
International League for the Protection of Horses (ILPH) are addressing the harnessing 
problem in Kenya. A pilot study has designed and produced a harness made from locally 
available materials. Beneficiaries have been involved at all stages of project development. 
The project will provide people with the skills to produce an effective cheap harness using 
local materials. The course also includes education in health, welfare and management of 
the donkey. 
population Control 
In the Turks and Caicos Islands a population control programme was carried out to alleviate 
a human social problem and control in-breeding. The project was a combination of both old 
and new techniques and a good example of a multi -d iscipli nary approach. Since castration 
of all male donkeys was not feasible for logistical reasons some form of female sterillsation 
was envisaged. 
Collaboration with Jay F. Kirkpatrick at Zoomontana led to the use of immunocontlaception 
with porcine zona pellucidae (PZP). The tecnnique required the periodic injectior. of PZP 
vaccine which had been tried in feral horses (Kirkpatrick and Turner, 1991; Kirkpaýrick and 
Turner, 1994). For political reasons the project failed, but the concept proved useful. 
"No Hoof, No Donkey" 
The Donkey Sanctuary is sponsoring non-invasive research at De Montfort 1-1-liversity, 
Leicester, headed by Major John Reilly and Professor Roger Latham to unravel the 
functional/design complexity of this locomotor structure. This investigation has a lopted a 
novel multi-disciplinary approach which has brought together the professional knowledge and 
expertise of veterinarians, chemists, material scientists, animal scientists and mechanical 
engineers. This collaboration is proving extremely productive and is bringing new thoughts to 
old problems(Cope et al, 1998a; Cope et al, 1998b; Newlyn et al, 1998; Reilly, 1998 Collins, 
1998; Newlyn et a/, awaiting publication). 
The research group at Leicester is employing a variety of scientific techniques both to 
characterise the normal hoof horn parameters of the donkey and to compare these with other 
equid species. Donkey hoof horn from diseased conditions such as laminitic is also 
ir, vestigated. Objective measurements are directed towards evaluating the cl-ýýgree of 
association of observed differences evident in abnormal horn. If there is a strong association - 
with specific disease conditions then such horn parameters may serve as a powerfL, l adjunct 
to traditional diagnostic and prognostic techniques such as x-rays. 
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image analysis techniques have been developed to establish the distribution of horn tubules 
across the hoof wall in terms of tubule density (the number of tubules per mm')(Reiny et a/, 
1998). In addition further work is in progress to determine the way in which the size and 
shape of the horn tubules varies across the hoof wall and around the hoof capsule. These 
structural arrangements are considered to be important determinants of the functional 
capabilities of the hoof capsule and the way in which forces are transmitted between the 
ground and the skeleton across the hoof wall. 
Different drying techniques are being used to establish the normal hydration levels within the 
hoof and the different ways in which the water interacts with the structure. Moisture levels 
are of particular interest, as it is believed that the mechanical properties and finer functioning 
of the hoof wall is modulated by water (Cope et al, 1998a; Collins et al (In press)). 
SUMMARY 
Exchange Information 
The importance of any message must be based on consideration of each equine in its own 
unique environment, as the variation both between and within countries is enormous. This 
can be best accomplished by collaboration between owner, extension worker, project 
developer, researcher and funding organisation towards a common goal. A good example 
would be that harriess wounds may result from poor equipment, poor nutrition, overwork or a 
combination of all three. 
Collaborate on projects 
Collaboration of information is needed on treatment, education and research as the learning 
curve from one country may be fully utilised, partially adopted or even improvised on for use 
in other countries. 
Benefit the people by improving the animals 
A small investment in improving the working equines health and welfare whether by 
improving the mechanisation of the cart it pulls, the load it carries or improving the nutrition is 
a practical way in which the owner utilises the varied multi-disciplinary information supplied by 
the project. 
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A COMPARISON OF DIFFERENT MOISTURE-LOSS METHODS FOR 
MEASURING HOOF WALL MOISTURE CONTENT 
Reilly J. D., i Newlyn H., Cope B., Latham R. J., Collins S. and Hopegood L 
Faculty of Applied Sciences, De Montfort University, Leicester, England 
It is well known that, in broad terms, the elastic modulus of hoof horn has a direct relationship 
with its moisture content (Leach 1980, Kitchener 1987, Bertram and Gosline 1987). In view 
of the high mechanical demand made on the hoof capsule, an understanding of the amount, 
type and control of moisture content within it are pre-requisites for further investigation of 
potential functional relationships between hoof horn moisture content and other objective 
parameters. 
However, the methods by which moisture content in hoof horn is determined are not 
standardised. Different drying methods can cause differing moisture and volatile losses from 
hoof horn samples. This can make the determination of the moisture content of hoof horn 
variable and can make comparison between research results difficult. 
The aim of this work was to determine the rnoisture-loss performance of, ývall horn samples 
usingir different moisture-loss methods. The methods tested were freeze-drying, vacuum 
drying, phosphorus pentoxide desiccation, room temperature drying and drying to 90,100, 
105,110 and 120'C. 
The different drying methods gave different absolute median values for hoof horn moisture 
content. Although each method has its specific advantages and disadvantages. the 
implications of the method used for drying hoof horn must be fully understood before the 
absolute result for moisture content is then used in the investigation, or interpretation, of 
further correlations with other functional hoof horn parameters. 
A complete list of figures and references will be given on request by the authors. 
p 
A INOVELINIETHOD OF ASSESSING HOOF HORN TUBULE DENSITY (TD) AND 
A COIMPARJSON OF TD IN THE HOOVES OF PONIES, HORSES, DONKEYS, 
CATTLE, SHEEP AND PIGS 
Reilly J. D., I Newlyn H., Cope B., Latham R. J. and Collins S. 
Faculty of Applied Sciences, De Montfort University, Leicester, England. 
The number of hoof horn tubules per wait area (tubule density TD) is thought to be an 
important determinent of "horn quality" in the cow (Politiek et a] 1986) and in the pig (Geyer 
and Tagwerker 1986). 'Hardness' of horn is believed to be directly related to TD in co%VS 
(Gunther et a] 1983) and in pigs (Geyer and Tagwerker 1986). 
in this work TD was assessed using a simple but novel method. This in%olved di,, Idini,, the 
hoof wall straturn inedium using a grid. aevious workers have not taken this approach and 
have their quoted TDs for the whole or part of the hoof wa]. ' depth or have simply given 
descriptive reports of the way tubules are perceived to be distributed in tile hoof wall. The 
new TD-counting method has revealed that the hoof wall of horses and ponies exhibit a 
unique four-zoned and stepped pattern, which is believed to have an important functionality 
and aids in preventing crack propagation (Reilly et a] 1996,1998). 
Interestingly, this same method of TD assessment reveals that the stratum Medium of donkey 
hoof horn exhibits a different pattern and the pig, sheep and dairy cow also have differing 
patterns of TID within their hoof walls. Objective information about this important and basic 
hoof horn parameter will enable further investigations of potential functional relationships 
within hoof wall to take place. 
connplete list of figures and references will be gýven on request by the authors 
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'Foot, Hoof and Fancy Fea' 
A multidisciplinary approach to donkey hoof research 
SN, Collins', H Wealleans', L Hopegood", RJ Latham', HA Newlyn', and JID Re illyl. d 
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As the hoof capsule serves to suspend the skeleton and protect the sensitive structures of 
the foot, it is likely that the structural organisation of the hoof ultimately affects the 
animal's ability to achieve the painless transfer of locomotory forces and prevent 
infection'. Hoof related defects may lead to overt lameness and pose significant welfare 
and practical husbandry problems to the animal and its keeper2. In this respect, the 
adage 'no hoof no horse' equally applies to the donkey. It has also been incorrectly 
assumed that the donkey hoof differs from that of the horse only in terms of size 
3. 
in order to rectify this situation there is a need to develop an objective understanding of the 
anatomical and functional relationships present within the normal donkey hoof By achieving 
this it is possible to establish the interactions associated with the abnormal hoof 2. This will 
lead to a scientific basis for improved hoof management regimes that will benefit the welfare 
of the donkey. 
Effective hoof mana2ement is essential to the maintenance of economically important species 
such as the donkey and the horse, and such activiry has hitherto been a skill rather than a 
science2", Traditional approaches to hoof pathologieý have not yielded satisfactory results. In 
addition research into the equid hoof has traditionally focused on the horse. There is now a 
need for new thoughts and reasoning from other disciplines. 
The Donkey Sanctuary is sponsoring non-invasive research within the Faculty of Applied 
Sciences at De Montfýrt University, Leicester, headed by Lt. Coi J. D. Reilly RAVC MRCVS 
and Professor R. J. Latham to unravel the functional / design complexity of this locomotor 
structure. This ; nvestigation has adopted a novel multidisciplinary approach which allows the 
cross fertilisation of ideas across traditional departmental areas of interest. This approach has 
brought together the expertise of veterinarians, chernim, material scientists, animal scientists 
and mechanical engineers. This collaboration is proving extremely productive and is bringing 
new thoughts to old pro b lemS4,5'6.7,8,9'. 
The hoof research group at Leicester is employing a variety of scientific techniques both to 
characterise the normal hoof horn parameters of the donkey and to compare these with other 
equid species. Donkey hoof association with diseased states such as faminitis is also being 
studied. Objective measurements are directed towards evaluating the degree of association of 
observed differences evident in abnormal horn. If there is a strong association with specific 
disease states then such hom parameters may serves as important markers and represent a 
powerful adjunct to traditional diagnostic and prognostic techniques such as x-rays. 
Image analysis techniques have been developed to establish the distribution of horn tubules 
across the hoof wall in terms of tubule density (the number of tubules per mrn In 
addition further work is in progress to determine the way in which the size and shape of the 
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horn tubules varies across the hoof wall and around the hoof capsule. The structural 
arrangement of tubules is considered to be an important determinant of the functional 
capabilities of the hoof capsule (for example in limiting the propagation of cracks) and the 
way in which forces are transmitted between the ground and the skeleton across the hoof 
wall'. 
The pony and the horse have different zones of tubule density ' which change 
from outer to 
inner hoof wail""'. For the donkey, however, there is no distinct zonation throughout the hoof 
wall, apart from the initial change in the curve at approximately 251/o of the hoof wall depth. 
For the remaining hoof wall, the tubule density is fairly constant for the donkey''. Hoof horn 
tubule density patterns have also been studied in other species to reveal interesting 
differences'2. 
The obj . ective hoof hom parameters outlined above are being evaluated in relation to the 
material properties of the hoof. The modulus of elasticity and resilience of donkey hoof horn 
has been measured using material testing techniques and these important mechanical 
properties have been found to be highly modified by moisture content 4" . 
Different 
-gravirnetric and thermo-g-ravimetric techniques are 
being used to establish the 
normal hydration levels within the hoof and the: different ways in which the water interacts 
with the sTructure. 
The objective differeaces outlined above may reflect important functional differences 
between the donkey and the horse. Perhaps differences in the way that they are grossly 
constructed, negates the need for the same mechanisms for stress transfer through the wall. 
This would bring into question the assertion that 'the donkey is but a small horse'. 
A summar-y of the known differences between the properties of horse and donkey feet is given 
in the Table below. It is likely that with -continued research, further interesting differenc--ý will 
be revealed. 
Summary of Horse verses Donkey Comparisons 
Parameter Horse Donkey 
Equus caballus Equus asinus 
Environmental adaptation Adapted to the grassland Adapted to the Arid plains 
plains of the temperate Steppe 
environment 
Trickle feeding on quality Browsing on low quality 
grasses herbage 
Survival strategy Highly evolved locomotor Locomotor flight response? 
flight response Stoical nature. Tendency to 
'freeze' 
Athleticism Sure footedness 
Hoof Pastern Axis (HPA) Straight HPA Straight / broken forward 
HPA? - Axis masked by 
highly developed CB? 
HPA is more upright 
Capsular shape Circular solear profile , U' shaped solear profile with 
flare at heels. 
Capsule inclined Capsule of upright, 'boxy' 
__quadrilateral 
appearance. 
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Propcrrionally narrower than 
the horse 
Truncated cone? Truncated cylinder? 
Dorsal Hoof Wall Angle Fore 45-501 More upri ght by 5-100 
Hind 55-60' Fore @ -550 
Hind Z, -62.50 
Lateral/medial angles Inclined Almost perpendicular 
Lateral 10 1.5 7' Lateral 910 
Medial 101.37' Medial 98.5' 
Capsular Dimensions MDC: Quarters: Heel MDC: Quarters: Heel 
Height ratio 3: 2: 1 3: 3: 1,5 
Heel Sloping heel Strongly developed in the 
donkey - (Hee-I buttress) to 
give upright appearance 
Solear weight bearing Sole does not normally bear Evidence of solear weight 
weight bearing? 
Sole height up to I Omm, Sole height up to 13mm 
Hoof wall depth (HWD) Tapers from the MDC to the Does not appear to taper 
heel significantly. 
HWD at NIDC -I Omm HW-D at IvIDC greater than the 
horse? 
Periopiic groove Merges with coronary groove Widens at he-, I and fuses with 
fro g 
Frog In e association with the Frog appears to be separate 
hoof capsule. from the other structures of the 
Contained within the other capsule. 
structures of the capsule. 
Suspensory Apparatus of the Approx 600 laminae Approx 350 laminae ) lamin ae ) 
Distal Phallanx Laminae are broader than 
hnrqi. or those of the h rse 
White line 2-3.5mm depth depending Normally riot greaterhan I 
upon bwt mm 
Zona Nonpigmentosa Evident within the horse Not present? 
Functional significance 
unknown 
ubule Density ý Zone 3 Zone? 
Stepped pattern Curvilinear pattern 
Zonal boundaries @25,50, Zonal boundaries (A), - 30, and 
and 75% HWD 50% HWD 
Tubular horn organization Distinct types of horn tubules Broadly similar tubule týypes. 
present Within the hoof wall. 
Tubule types vary 'across and Distribution of tubule types 
around'the hoof wall. is markedly different from the 
Arranged into distinct zonal horse 
populations 
Moisture content Physiological Moisture Appears to be greater than te 
in temperate climate content in the order of - 25, /o horse? Ca) --)3% 
Zonal variation across the 
HWD is unknown Zonal variation across the 
HWD 
ZI 231,16 
Z2 33% 
Z3 38% 
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Moisture Regain Physiological Values Physiological Values 
(gH20/1 00gDM) Full FIWD @ 3-3) g/100gDM Appears to be greater than the 
horse? '@ -49.25 g/ I 00g. DM 
Zonal values 
Zonal values are unknown Z1 29.8 g/I 00gDM 
Z2 49.3 g/)00gDM 
Z3 61.2 W'IOOgDM 
Mechanical Properties HWD: Modulus of elasticity at Comparable values for the 
physiological moisture levels donkey are markedly lower (3). 
450 Wa -170 MPa, indicating that 
donkey hoof hom is more 
pliant. 
Zonal moduli unknown Modulus decreases across 
HWD 
Zonal moduli 
ZI 1223 MPa 
Z2 597 MPa 
Z3 397 MPa 
Hoof Function Recognized pattern of Pattern not known 
deformation during load Deformation not as 
bearing pronounced? 
Fundamental hoof hom measurements are being analysed in the context of how stresses and 
strains associated with loading are accommodated within the strucTure and how these forces 
are transmitted within the hoof capsule. Advances in our understanding of how the hoof wall 
may funczion are being made using the computer modelling technique of finite element 
analysis (FEA)6. 
As the baseline information is expanded, by establishing objective values for some of the 
important defining characteristics of hoof horn, the model will be further refined. In this way, 
it will be possible eventually to accurately predict the likely effect on capsular functioning 
ýf 
those changes brought about by nutritional or husbandry manipulation or by diseased states. 
In order to achieve this aim, there is a need for a continued supply of basic information from 
fundamental studies of normal and abnormal horn production, associated with diseased states, 
and from controlled nutritional trials 2 and differing therapeutic regimes'. The advantages 
afforded by such a multidisciplinary approach will ensure continued progress in this vital yet 
often neglected area of animal science. 
This will have far reaching effeCTS in the world of farriery 
welfare to the benefit of the donkey, 
., veterinary medicine and animal 
References 
I REILLY JD, COTTRELL DF, MARTIN RJ AND CUDDEFORD D (1996) Tubule density 
in equine hoof hom. Biornimetics 4 (1) 23-35, 
2 REILLY, J. D. (1995) No hoof no horse? Equine Velerinary Journal 27(3) 166-168, 
3 REILLY, J. D. (1997) The donkey's foot and its care. In: Yhe Professional Handhoolc of the 
Donkey. Ed: E. D. Svendsen. Whittet Books Ltd, London, pp. 71-92. 
4 COPE, B. C., HOPEGOOD, L., LATHAM, R. J., AND REILLY, J. D. (1998) Equine hoof 
hom: a natural engineering composite. In: ne Materials Congress, Proceedings of the 
Institute of Materials Conference, Cirencester, 6-8 April, 1998. 
14 
5 COPE, B. C, HOPEGOOD, L., LATHAM, R. J., LINFORD, R. G., REILLY, J. D., 
SYMONS, M. C. R. AND TAIWO, F. A. (1998) Studies of equid hoof horn material by 
electron paramagnetic resonance. Journal of. 4,1aterials Chemistry. 8 (1) 43-45. 
6 NEWLYN, H. A., COLLINS, S. N., COPE, B. C., HOPEGOOD, L., LATHAM, R. J. AND 
REILLY, J. D. (1998) Finite element analysis of static loading in donkey hoof wall. Equine 
ver. J. S upp 1.2 6 103 -110. 
7 REILLY, J. D. (1998) Hail hoof science! Equine vet. J. Suppl. 26 2-3 
8 COLLINS, S. N., COPE, B. C., HOPEGOOD, L., LATHAM, R. J., LINFOR-D, R. G. AND 
REILLY, J. D. ( 1998) Stiffness as a function of moisture content in natural materials: 
Characterisation of hoof horn samples. Journal of 11ateriai Science, 33 5185-519 1. 
9' NEWLYN, H. A., COLLINS, S. N., COPE, B. C., HOPEGOOD, L., LATHAM, R. J. AND 
REILLY, J. D. Equid Hoof Horn: A natural engineering composite. In: Materials Solutions to 
Natures Designs. Conference Proceedings of the Institute of Materials. Cirencester, 6-8 Aoril. 
Pp3-8. 
10 REILLY, J. D., COLLINS, S. N., COPE, B. C., HOPEGOOD, L. AND LATHAM, 
R. J. (1 998) Tubule density of the stratum medium of horse hoof. Equine vet. J. Suppl. 26 . 
II HOPEGOOD, L., COLLINS, S. N., COPE, B. C., LATTLAM, RJ AND REILLY, J. D, 
Tubule Density of the Stratum Medium of Donkey Hoof Horn. (In preparation). 
12 REILLY, J. D., NEWLYN, H-, COPE, B., LATHAM, R. J.. COLLINS, S AND 
HOPEGOOD, L (2002) 
A novel method for assessing hoof hom tubule density (TD) and a comparison of TID in the 
hooves of ponies, horses, donkeys, cattle. sheep and pigs. In: Proceedings of the Tweifth 
International Symposium on Lameness in Ruminants, Orlando, Florida, Jan 9-1-1, p240. 
15 
Analyses of the moisture content of hoof horn from horses, donkeys and laminitic donkeys 
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Introduction The moisture content of keratinous materials such as hoof horn is important as the presence of moisture has 
an inverse relationship on the mechanical properties of hoof horn and may have a subsequent effect on the function of the 
hoof Methods previously used to dehydrate samples to calculate the moisture content of hoof horn vary considerably 
(Hopegood 2002). Subsequent comparison of results is therefore unreliable. A comparison of different methods of 
dehydrating hoof horn was therefore carried out to establish a standardised protocol for dehydrating hoof horn to assess its 
moisture content. The moisture content of donkey hoof horn from normal animals and those with laminitis has not been 
reported. Maclean (1971) established that the moisture content of cattle suffering from laminitis was significantly higher C, 
than normal hooves. The resultant standardised protocol from the first part of this study was then used to compare the 
moisture content of hoof horn samples taken from horses, donkeys and those donkeys that had suffered from laminitis. 
Materials and methods Samples for comparison of different methods of dehydrating donkey hoof horn to ascertain the 
moisture content were taken from clippings removed from the left forelimb of 31 donkeys during regular farrier treatment at 
The Donkey Sanctuary, Sidmouth, Devon. Samples were immediately wrapped to prevent moisture loss. Nine adjacent 
samples, encompassing the full hoof wall depth (HWD), were removed frorn the Midline Dead Centre (MDC) of the 
clipping. Samples were randomly allocated to one of the drying methods: room temperature, vacuum drying, freeze-drying, 
drying over phosphorus pentoxide, oven drying at 90,100,1.05,110,120'C. Samples were weighed daily until they 
established equilibrium mass. The moisture contents were calculated with reference to the original mass of samples. 
Samples of horse hoof horn were obtained from the clippings removed from the left forelimb of 16 unshod animals at the 
Friends of Bristol Horses Society. The laminitic samples of donkey hoof horn were obtained from the left fore hoof 
capsules from 15 donkeys from The Donkey Sanctuary that had been euthanased for reasons other than this study. Samples 
were removed from the MDC ofthe capsules at 50% hoof wall height. One full HWD sample was removed from the horse 
and laminitic donkey hoof samples. All samples were then dehydrated over Phosphorus pentoxide. 
Results The moisture contents of samples dried by the different methods varied between 250-360 g/kg. The results for 
each technique were significantly different to those from at least 4 other methods (p<0.05, Mann-Whitney U tests). As 
samples dried over phosphorus pentoxide avoided both the unknown effect of high and low temperatures on hoof horn, 
showed a normal distribution and low variability (Coefficient of Variation (CV) of 6%) compared to other results (ran-ging 
4-44%) this technique was then used to comparý the moisture contents of further samples of hoof horn. 
400 There were significant differences between mean moisture contents 
from each data set (ANOVA, p<0.05). The moisture content for 1; 300 
0Z horse hoof horn was significantly lower than that for both donkey '00 
clippings and from laminitic hoof horn jukey Test, p<0,05) 
z 100 (Figure 1). There was no significant difference between the '5 20- moisture content of donkey clippings and larriinitic hoof horn 
Horse Donkey Donkey jukey Test, p<0.05). 
Keyý Error bars - Standard deviations Larninitic 
Significant difference (p<0.05) Category Conclusions A comparison of results of moisture contents of 
hoof horn in the literature should not be carried out unless tile Figure I Comparison of Moisture Contents same drying techniques are used as different drying techniques 
result in different moisture contents. The moisture contents of 
donkey hoof horn, for both clippings (332 g/kg) and laminitic samples (332 g/kg) are higher than for horse hoof horn (264 
g/kg). This may have implications for the practical management of both donkey and horse hoof horn and may be the reason 
why donkeys appear to suffer particular hoof problems. Laminitis may not affect the moisture content of hoof horn samples 
although it should be bome in mind that different sample sites were used. 
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FURTHER THOUGHTS ON THE CARE OF DONKEY'S FEET 
Michael Crane BVSc, MRCVS 
objective inforination on the specific problems of the donkey hoof is scarce. In order to 
rectify this situation The Donkey Sanctuary is sponsoring non-invasive research within the 
Faculty ofApplied Sciences at De Montfort University, Leicester. The hoof research group at 
Leicester is employing a variety of scientific techniques to characterise the non-nal hoof horn 
parameters of the donkey and to compare these with other equid species and disease states. 
Further results of these ongoing studies will be published in the near future. Three areas of 
practical significance are highlighted here. I am particularly indebted to Simon Collins, Lyn 
Hopegood and Heidi Wealleans for their contribution to this work and permission to use some 
of their results. 
1. Structure 
It is well recognised that the donkey hoof is grossly different from that of the horse, being 
more upright, "U" shaped in profile with well developed beels. It can be described more as a 
truncated cylinder rather than the truncated cone of the horse/pony hoof. Through the use of 
computer modelling techniques one can analyse these differences and look at how these 
different structures may function when loaded. As more information is gained it may be 
possible to predict the impact on capsular function of disease states and changes in husbandry 
and farriery practice. 
At a microscopic level the "composite" type structure is suggested. Differences exist in 
tubular density and distribution between the donkey and the horse. In the donkey tubules of a 
broadly similar type decline in density from a maximum of -35 tubules/mm2 in the outer hoof 
wall until -50% hoof wall depth then remain constant at approximately 9 tubules/mm2. The 
horse shows a more "stepped 4 zone pattern". It has been proposed that this reflects a species 
adaptation related to differing natural lifestyles that impose different demands on the foot, or 
differences in the way the hoof functions. 
2. Moisture content and mechanical properties 
Moisture content is believed to be important for the function, quality and mechanical 
properties of hoof horn. Water acts to plasticise keratin making it more pliant, the moisture 
content accounts for over 90% of the variation in the'stiffness of donkey hoof hom. The 
moisture content of the hoof increases in a dorso-palmar direction across the hoof wall ("out 
to in") with a resultant decrease in "stiffness" (modulus of elasticity). Tlis gradient may 
contribute to accommodating the necessary stress transfer across the hoof wall helping to 
protect the inner sensitive tissue. 
The moisture content of donkey hoof is significantly greater than the horse and it is therefore 
more pliant, with laminitic horn being even more deformable. 
The hoof hom would actually appear to be at levels of almost maximum hydration in the 
living animal. Small changes in this moisture content potentially have a significant impact on 
the structural characteristics of the hoof capsule. 
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3. Radiography 
Evaluation of radiographic parameters has been used to assess the nature and extent of 
changes to the distal skeleton subsequent to larninitis in the horse. Radiographs from donkeys 
with apparently normal feet with no history of laminitis have been compared to both the horse 
and with donkeys affected by changes consistent with laminitis. Initial results suggest that 
some of the guidelines advocated for the interpretation of radiographs of the horse/pony 
should be revised for the donkey. "The founder distance" (the perpendicular linear distance 
between the proximal limit of the dorsal hoof marker and the proximal margin of the extensor 
process) being of particular note - with no significant difference between the two populations. 
it must be noted that these studies have been conducted on donkeys from a temperate climate. 
Future work will endeavour to extend these studies to include animals from a more and 
natural environment. 
However there is little doubt that keeping donkeys in the UK predisposes them to foot 
problems. Both farriers and vets will hopefully benefit from an awareness of the common 
disorders encountered. 
Trimming the overlong foot 
* Assess for evidence of "chronic laminitis" (consider lateral weight bearing radiographs 
with markers if in doubt). 
+ Attend to "bearing surface" first (incremental sole trimming guided by "thumb pressure" 
test). 
* Dress back toe/wall (guided by pastern axis and angle of proximal hoof wall at mid line). 
* Check balance and gait post trim (consider advice on management, bedding and analgesia 
post farriery). 
Pedal sepsis 
Commonest cause of acute severe lameness. 
Abscesses frequently track proximally from the white line - may rupture at coronary 
band. 
Consider: Resecting overlying hoof wall. 
Tetanus prophylaxis 
Analgesia and appropriate management to avoid hyperlipaernia. 
Abaxial sesamiod nerve block. 
Sub-solar abscesses often associated with terminal founder and pedal bone degeneration. 
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arrangement of the structural el--mems and could there- 
fore be lirrýled to two spatial dimensions. Input of the 
model is the activation of the muscle fibre system and 
the structural arrangements and tissue mechanical prop- 
ernes, output is the muvement of an array of distributed 
masses that are accelerated by fibr-, forces (muscle and 
connective tissue) and pressure gradient within the tis- 
sue. The model demonstrates that the suagested elastic 
projection mechanism is indeed quantitatively feasible 
as similar projection performances are obtained as 
observed on high-speed videos. 
A7.4-The effect of manupulation of the 
moisture content on the mechanical 
properties of full and partial hoof wall 
depth samples of donkey hoof horn 
L, Hopegood. Notingham Tr-. n, Týniversity: S. Co: lins. 
B. Coýe. R. Latham. De -Mont-fort H. New- 
I . yný 
Loug?: bo: ýough University: J. Reilly. Roýal Armý 
veýerinaj-y corpý, 
The inverse relationship 'Det%ketn moi'siure content anJ 
the ineý 11unical properties of keratinous n1atel-jals naý not 
hetn reported for donkey hool horn. This tudy exant- 
7ne,,.!. using three point bending tests, the eff', ýcrr of mois- 
ture con: ent on the mechanical properties of ý'. ull and 
partial hoofAall depth (HWID) ýamples of Joni: ey hoot 
horn. ý ý, tandLrdistd method was used to assess %-te 
nioism. -c content of the samples, Full HWID sarnplýýs 
were toýced at four different ýevtls of hydration: at an ir. 
vivo rnoisture content, following d. n, I r. g0Lr 11 c) ý, Ph C- 
rus pentoxide. fully hydrated and following -,, mijN-,, tjon 
at , 
51h r- C lative humidity. The results indi Litec! that theie 
was an inv_-rse ielationship btt, ýNeen moisiure con: ent 
and the mechanical properties of donkey hoof hoin. 
There .,, as a signficant difference between all data ýets 
(p<0.01) exccpt ': )etwe--n hose sampleý tested a, an in 
vivo moisture content and those that were fulk- hvdiated 
(p>0.05). This may indicate there is a leýel of hv-4ia- 
tion ýeyond wnich there is no further change in hoof 
stiffness. thus providing a 'fail safe' mechi:. nism A stiff- 
ness gradient is believed to exist across the full HWD 
for horse hoof hom. However, previous studies did not 
control for changes in moisture content crosý, the HWD. 
A lower moisture content exists in the outer hoof wall 
compared with the inner hoof wall. In this experiment 
the full HWD was di%-idL-d into four sections and sam- 
pies were tested at the same lovoi of ! ", ydnition. The 
results indicated that the mechanical properties jid not 
vary across the four areas tested. 
A7.5-Mechanical properties of the solear 
hoof horn of heifers before and during 
the first lactation -a prediction of 
lameness susceptibility 
Betina Winkler, Jean K. Mareenson and Charles Bien- 
ran, University of Plymouth 1; 1 
Mechanical tests were completed on sumples of' ýojt2 
hoof horn taken from 20 heifers at 2 nionths hefore Daj- 
turition (pl) and 100 dIVS POStpErti-1111 ýP2). SIMUIL- 
neously, all claws were assessed for the lesions score 
(LS) in the sole horn. Heifers were kcpt at pastuie 
parturn and housed ]oQse in a straw hedded Yard 
parturn. Hoofsamples were collected fiorn all clxtvý : ind 
unalýsed for elastic inc)dulus (ELM) and puticture 
tance (PR), each measurement was re-, )Iicated t; \c Iýi: n, -n 
on Lite ýame area of each claw. Data amdvýod 1, \ 
AINCVA - GLM using period and : Iav, as fixed 
PR force of' the ýole horr. was significantIv a: e-, tei in 
front claxs (FC) when con- * pa,, -ed to 
hirld : Ia%Vl fHCý 
(P., -0.0-5) (pl- FC 8.22, HC 7 4N. -: )2- FC 11,1. H(- 
; 0.3N), The IIR force and ELM sim, 
postpartum cornpýijed with piepruum T n! - 
TS. p-2- AN Lind pl- S6.14, p2- 11-ON 1 
the LS o' : he : I. tw hoin jncrease, -ý 
(D, 001 ) (p I- Sb 5 ). No -ý]LmZ ic'Iril 
,n LS was tOUnd Lel'Atrl , FC ý., nd HC in mL p: ýo:,, u!, u: i-. 
pe: -, od. howevLn- LS wuý in 
comp2red %k, i: li the FC in t. c Ix)ýipa: -,, um 
0.00 1) ( HC 223.7. FC 140 P, vparýmrl E I-. \,! j: id Pý, ' 
force wele not "01-relatod with lemon me 
pos, pýirr-irn. Hoxever. postpartum ELM PR n! 
were Si Ln] fi (: ýIrlv 11, ý- ý., aii %0 Iv corre! u[ýýj I- 
increase in teýicn score betwetn jle! -mdý R 
mechanical te, <[S I-eflected the Lýhaj-,, -, es : i-. an,: iý 
haemorrhaLtý lcv,!!, ý that oC,,: urj-L: d hILt'Act-ýn rl it' 
A7.6-Bone strain in the goat radius 
throughout ontogeny: How in vivo 
bone strains relate to bone geometry 
and tissue microstructure 
R. P Nlain ýind A. A. B; -%vener, Harvard 
For ye,,,, rs ; -eseai-cficis have exQmincd 1, c" ine 
svstem accommodates the larýe size raný-, e ýeen 
extant and extinct tetiapods. However. most iý, t t-e: ýe 
srudies have only been concerned with intcrs 
, 
Dcý: Ii'ic 
ýýOmparisolls- conscqu, -ndy. little work. has ý!. Najl"Inod 
intraspecific. or ontogenetic, changes in the ýke! ewjj . ýi, 
an animal increases in size and mass with z. ue. -, he 
of rje present study was to examine how in vývo hon-ý 
strain magnitudes and CI-OSS-SeCbOrMl SlIaill dIS(: -IbUt! Orý 
compare across different age groups within a spLýcj-s jnd 
liow these strain pattems reflect the concorniant , Tito- 
